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PROJECT  OF  SEMICONDUCTOR  HIGH-POWER  HIGH- 
REPETITION  RATE  COMPACT  ACCELERATOR 

E.  Galstian*.  L.  Kazanskiy,  MRTI, 

Warshawskoe  Shosse  132,  Moscow  113519,  Russia 


Abstract 

The  paper  describes  project  of  a  compact  accelerator 
(120  kV,  2  kA,  15-25  ns  pulse  duration,  1  kHz  - 
repetition  rate).  To  attract  an  attention  of  accelerator 
community  to  abilities  of  modern  power  fast 
semiconductors,  this  device  is  suggested  to  create  by 
using  modem  high-power  super-fast  semiconductor 
switches. 

1  INTRODUCTION 

The  tendency  of  the  last  years  in  the  field  of 
development  of  high-power  pulse  and  accelerating 
facility  is  the  maximum  extension  of  possible  areas  of 
its  application.  It  demands  development  simple  in 
circulation,  reliable  in  maintenance,  and,  principal, 
whenever  possible  of  compact  devices.  On  the  other 
hand,  for  the  last  two  decades  of  research  in  the  field 
of  a  solid  state  physics  have  resulted  in  creation  of 
semiconductor  devices  [1-2],  which  parameters  have 
allowed  to  create  generators  of  high-voltage  high- 
power  impulses  working  in  a  repetitive  mode  [1,  2\. 
However,  till  now  these  semiconductor  devices  have 
not  found  the  place  directly  in  development  of 
accelerating  facility.  The  presented  paper  is  devoted 
to  exposition  of  idea  of  possible  usage  of  modem 
semiconductor  devices  [2]  for  creation  of  a  compact 
accelerator  device,  which,  on  our  opinion,  can  find 
rather  broad  application.  In  the  basis  of  this  device 
the  principle  stating  lies  that  the  inductive  storage  of 
electrical  energy  combined  with  possibilities  of  modem 
semiconductors,  is  most  perspective  for  creation  of 
high-power  pulse  devices  working  with  a  high 
repetition  rate.  Instead  of  gas  discharges,  which  limit 
a  pulse-repetition  rate  and  have  enough  wide  jitter 
in  a  response  time,  it  is  offered  to  use  new 
semiconducting  switches.  These  switches  are  capable 
to  reconnect  for  extremely  short  time  (0,1  -  1  ns) 
currents  by  magnitude  1  -  10  kA  at  an  operation  voltage 
10  -  100  kV  [2].  In  addition,  the  process  of  switching 
is  controlled  with  split-hair  accuracy,  as  the  jitter  in 
operation  of  keys  does  not  exceed  20  ps.  Thus  the 
repetition  rates  of  switching  limits  only  by  conditions 
of  heat  rejection  from  the  device  and  can  reach  tens 
of  megahertz. 


*)  E-mail  address:  galstjan@aha.ru 


2  ACCELERATOR  PROJECT 

Let's  consider  more  in  detail  principle  of  operation  of 
the  accelerator.  In  Fig.  1  one  section  of  the  device  is 
shown.  A  toroidal  inductor  Lp  is  inserted  in  a 
transmission  line 


Figure  1:  Principal  schematic  of  the  accelerator 
section 

TL,  which  generally  can  be  a  coaxial  line  or  can  be 
loaded  with  a  beam  of  charged  particles.  Originally 
capacitor  C  is  charged  by  an  external  source  up  to 
primary  voltage  U,,  reaching  several  kilovolt,  then  it 
starts  to  be  discharged  through  walls  of  the  inductor 
connected  by  a  semiconducting  switch  S.  There  is  a 
transfer  of  the  energy,  accumulated  in  the  capacitor, 
in  an  energy  of  a  magnetic  field  of  the  inductor  and 
at  reaching  a  maximum  value  of  a  current  in  the 
inductor,  when  the  voltage  on  the  capacitor  C 
becomes  equal  to  zero,  the  switch  S  is  turned  off, 
switching  the  inductor  on  a  load.  Thus  on  the  gap 
AB  there  is  a  high  voltage  U2,  which  generates  electric 
pulse  in  a  coaxial  line  or  accelerates  charged  particles 
of  a  beam. 

The  simple  estimates  display,  that  at  small  time 
of  switching  At  the  maximum  voltage  on  the  gap  AB 
has  magnitude  U2  =  Uj  t,/t2,  where  t,  =  (Lp-C)1/2 ,  t2 
=  Lp/Z  -  reference  times  of  charging  and  discharging 
of  the  inductor.  The  front  of  high-voltage  impulse  is 
determined  by  time  of  a  rupture  of  a  current  At,  and 
its  duration  -  discharge  time  of  the  inductor  t2.  Thus, 
though  scheme  of  the  section  reminds  to  section  used 
in  linear  electron  accelerators,  actually  it  works 
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completely  in  another  way.  In  usual  linear  accelerator 
the  energy,  transforming  in  accelerating  impulse,  is 
stored  in  capacitors,  and  in  our  accelerator  -  directly 
in  the  inductor  of  the  section,  that  allows  effectively 
generating  short  (10  -  15  ns)  high-power  electric 
pulses.  Besides  it  is  possible  to  shape  very  short 
impulses  (3-5  ns)  of  rectangular  form  by  using 
matched  radial  lines  as  the  inductors. 

However  incarnation  of  all  these  ideas  in  actual 
devices  requires  a  solution  of  a  lot  of  engineering 
problems.  For  this  purpose  now  in  Institute  of 
Experimental  Physics  (Sarov,  Russia)  in  cooperation 
with  the  authors  the  construction  of  an  accelerator 
grounded  on  the  above-described  principles  is 
developed.  This  accelerator  is  designed  to  operate 
with  the  cold  explosive-emission  cathode,  for  which 
it  is  necessaiy  to  create  an  operation  voltage  not  less 
than  100  kV.  Therefore,  a  series  connection  of  several 
described  above  sections  is  supposed.  As  the  first 
variant  it  is  supposed  to  connect  sequentially  such 
three  sections.  At  primary  voltage  U,  =  4  kV  and  the 
relation  t,/t2  =  10,  the  output  voltage  on  the  cathode 
should  be  120  kV  at  pulse  duration  about  15  -  25  ns, 
working  current  up  to  2  kA  and  repetition  rate  of 
working  impulses  1  kHz.  On  this  accelerator  it  is 
supposed  to  decide  engineering  problems,  bound  up 
with  a  construction,  an  electrical  circuit,  matched 
operation  all  sections  etc. 


D| 


Figure  2:  Electrical  circuit  of  the  section. 

(C=  C2=  0.4  pd>,  L,  =  L2  =  30  pH, 

L3  =  0.2  pH,  R,  =  10  Ohm) 

In  fig.  2  one  of  possible  variants  of  the  principle  elec¬ 
trical  circuit  of  a  section  of  the  above-described  ac¬ 
celerator  is  shown.  A  semiconductor  switch,  first  of 
all,  defines  the  view  of  this  circuit,  as  it  demands 
initial  pump  by  electrical  carriers  in  a  forward  direc¬ 
tion,  and  the  rupture  of  a  current  happens  at  oppo¬ 
site  direction  of  a  current,  when  it  reaches  a  maxi¬ 
mum  value.  In  addition,  the  charge,  which  is  flow¬ 
ing  past  through  the  switch  in  a  forward  direction, 
should  coincide  with  the  chaige  that  has  flowed  past 


in  the  opposite  direction.  This  condition  also  deter¬ 
mines  choice  of  the  circuit.  The  circuit  operates  as 
follows.  Originally  the  capacitors  C,  and  C2, 
connected  in  series,  are  charged  through  inductances 
L,  and  L2  up  to  the  primary  voltage.  Further  capacitor 
C,  is  used  for  direct  pump  of  the  semiconductor 
switch.  For  this  purpose  the  thyristor  T,  is  turned  on 
at  a  closed  thyristor  T2,  and  the  capacitor  C,  is 
completely  recharged  through  the  inductor  and  the 
switch.  After  the  recharge  process  is  over,  the  thyris¬ 
tor  T2  is  turned  on  and,  as  a  result,  capacitors  C, 
and  C2  are  connected  in  parallel.  It  results  in  that  the 
above-stated  condition  of  equality  of  an  amount  of 
the  flowed  past  charges  is  fulfilled  for  a  quarter  of 
phase  of  oscillation  of  a  reverse  current.  At  a  maxi¬ 
mum  value  of  a  current  in  the  inductor  L3,  the  switch 
produces  cutoff  of  this  current  and  the  voltage  pulse  is 
shaped  on  a  load  resistance  Rr 

It  is  necessary  to  mark  that  the  selected  opera¬ 
tional  mode  of  semiconductor  switches  in  the  given 
circuits  is  far  from  limiting  on  output  voltage.  For 
this  reason,  expected  rate  of  acceleration  can  reach 
only  moderate  magnitude  ~  0.2  MV/m,  but  this  value 
may  be  gained.  Besides  it  is  known,  that  an  electron 
beam  generated  by  a  cold  cathode  with  an  explosive 
emission,  has  no  enough  high  quality.  It  limits  its 
applications,  for  example,  in  Free  Electron  Lasers. 
In  our  variant  of  the  accelerator  the  generated  beam 
could  be  additionally  accelerated  up  to  a  necessary 
energy  in  a  set  of  the  same  sections,  loaded  on  the 
beam.  In  this  case,  quality  of  the  beam  could  be 
essentially  improved. 

Thus,  usage  of  modem  semiconductor  switches 
allows  creating  the  compact  device  both  a  generator 
of  power  electric  pulses,  and  an  accelerator  of  charged 
particles.  The  generator  of  electric  pulses  can  be  used 
in  medicine  and  biology,  where  a  possibility  of  se¬ 
lective  action  of  short  electric  pulse  on  a  cell  now  is 
researched  [31. 

The  accelerating  devices,  assembled  from  above 
described  sections,  are  good  sources  of  charged  par¬ 
ticle  (electrons,  protons,  and  ions)  bunches,  which 
can  be  used  for  generation  of  electromagnetic 
radiation,  for  surface  treatment,  in  an  ecology  etc. 
Besides  it  is  possible  to  gather  classical  Linacs  with  a 
possibility  of  acceleration  of  bunches  up  to  large 
energies. 
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THE  ITEP-TWAC  INJECTION  AND  EXTRACTION  KICKER 

V.  Krasnopolsky,  S.  Krylov,  G.  Mamaev*.  S.  Mamaev,  S.  Poutchkov, 

I.  Tenyakov,  V.  Fedorov,  MRTI RAS,  Moscow 
A.  Sidorov,  JINR,  Dubna 
N.  Alekseev,  ITEP,  Moscow 


Abstract 


Table  2:  The  specification  of  the  kicker  2. 


The  system  multi-turn  injection  and  fast  extraction  for 
installation  ITEP-TWAC  is  developing  in  MRTI  RAS.  In 
this  paper  one  kicker  in  injection  ring  and  one  extraction 
kicker  in  storage  ring  are  described.  In  both  kickers  rise 
time  of  magnetic  field  is  not  more  300  ns,  and  platen 
duration  300-500  ns.  The  total  length  of  the  injection 
kicker  is  1.8  m,  aperture  is  0. 1x0.1  m  and  kicker 
strength  is  0.16  T-m.  The  total  length  of  the  extraction 
kicker  is  1.5  m,  aperture  is  0.09x0.09  m  and  kicker 
strength  is  0.14  T-m.  Both  kickers  are  situated  outside 
vacuum  chamber  and  consisted  of  number  uniform 
sections  0.3  m  length.  In  each  section  ferrite  magnet, 
pulse  former  line,  matched  resistor  2.5  Ohm  and  50  kV 
ceramic  metal  thyratron  with  grounded  grid  are  used. 
Pulse  current  in  each  magnet  achieves  7-8  kA  in  order  to 
magnetic  field  not  more  0.1  T.  In  each  former  line 
concentration  capacitors  and  inductance  in  order  to 
storage  energy  and  pulse  correction  are  used.  The 
compact  pulse  power  supply  system  in  each  section  gives 
the  possibility  connection  with  magnet  short  feed  buses 
without  low-impedance  2.5  Ohm  cable. 

1  GENERAL  DESIGN 

The  kicker  of  the  injection  ring  (kicker  1)  and  the  kicker 
of  the  storage  ring  (kicker  2)  are  parts  of  installation 
ITEP-TWAC  [1].  A  performance  specification  for  the 
kickers  is  given  in  table  1  and  table  2. 

Table  1:  The  specification  of  the  kicker  1. 


Magnet  total  length 

1.812  m 

Magnetic  field 

0,0883  T 

Rise  time  (1-95%) 

300  ns 

Flat  top 

(300-500)  ns 

Fall  time 

Unlimited 

Flat  top  tolerance 

±5% 

Repetition  period 

1  s 

Beam  aperture  in  magnet 

80  mm-diam. 

Field  uniformity  in  half-aperture 

±3% 

*E-Maii:  mamaev  g@mail.sitek.ru 


Magnet  total  length 
Magnetic  field 
Rise  time  (1-95%) 

Flat  top 
Fall  time 
Flat  top  tolerance 
Repetition  period: 

Beam  aperture  in  magnet 
Field  uniformity  in  half-aperture 


1,51  m 
0,0947  T 
300  ns 
(300-500)  ns 
Unlimited 
±5% 

1  s 

70  mm-  diam. 
±3% 


Series  parameters  each  kicker  is  near  parameters  kicker 
for  installation  “Mirabel”  [2],  For  this  reason  each 
magnet  consist  of  sections  like  “Mirabel”  magnets  and 
each  section  is  connected  to  self-contained  pulse  supply 
unit.  Kicker  1  consist  of  six  sections,  kicker  2  consist  of 
five  sections.  The  ceramic  beam  tube  is  used  in  kickers 
because  the  vacuum  in  the  installation  ITEP-TWAC  is 
very  high  (1010  -  1013  torr). 


2  MAGNETS 

The  cross  section  of  magnets  is  shown  in  Fig.  1. 
Kicker  1:  h  =  100  mm;  s=  100  mm,  D  =80  mm. 

Kicker2:  h  =  90  mm;  s  =  90  mm,  D  =70  mm. 


Figure  1:  Cross-section  of  magnets. 
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The  length  of  each  section  of  each  magnet  is  equal  to 
300  mm,  and  ratio  h/s  of  each  section  is  equal  to  1.  In  the 
results  the  inductance  of  each  section  is  equal  to  400  nH. 
The  magnetic  circuit  consist  of  ferrite  600  NN.  The 
thickness  of  ferrite  plate  is  20  mm.  Epoxy  compound  is 
used  for  gluing.  The  feed  buses  are  manufactured  from 
aluminium.  For  target  magnetic  field  we  have  to  receive 
the  current  near  to  8  kA  in  feed  buses.  The  ferrite  and 
feed  buses  are  situated  in  air  and  in  the  result  the  air- 
cooling  is  possible. 

(Look  right  for  continue). 


3  PULSE  SUPPLY  UNIT 

The  rise  time  of  pulse  300  ns  gives  the  possibility  to  use 
in  forming  line  concentrated  capacitors  and  inductances 
[3],  The  commutator  for  current  8  kA  is  the  main 
problem  in  our  case.  The  thyratron  TGI1-2500/50  is 
used.  It  works  at  voltage  40-50  kV  and  connected  on  the 
circuit  with  a  grounded  grid  [4,5],  In  this  circuit  the 
main  current  of  a  load  going  through  the  gap  anode-grid 
and  the  gap  grid-cathode  is  used  only  for  initial  pulse.  In 
this  case  the  oxide-coated  cathode  is  not  destroy.  Each  of 
magnet  section  connected  to  self-contained  pulse  supply 
unit,  which  electric  circuit  is  shown  in  Fig.  2. 


Figure  2:  Electric  circuit  pulse  supply  unit  in  connection  of  the  magnet. 


Own  inductances  of  capacitors  and  buses  are  not  shown 
in  Fig.  2,  but  were  considered  in  the  pulse  current 
calculation.  Own  inductance  of  a  magnet  Lm  fulfils 
functions  of  inductance  of  the  first  cell.  Common  number 
of  cells  is  equal  to  five.  The  small  number  of  cells  has 
required  for  optimization  of  the  form  of  pulse  to  use 
forming  line  with  various  inductances  L1-L4  in  cells.  For 
correction  of  front  of  pulse  two  additional  cells  R1  Cl 
and  R2  C2  were  added  also.  The  matched  resistor  R=2,5 
Ohm  is  connected  between  anode  of  the  thyratron  and 
output  of  line.  The  small  value  of  resistor  R=2.5  Ohm 
could  make  difficulty  for  connection  of  a  forming  line 
with  magnet  by  a  long  cable  with  a  low  impedance  Z= 
2,5  Ohm.  Taking  into  account  difficulties  of  using  of 
such  cable  we  decided  to  place  each  unit  near  to 
appropriate  section  of  the  magnet  and  to  use  for 
connection  the  pair  of  short  buses.  Buses  are  connected  to 
the  grounded  grid  of  the  thyratron  and  to  another  output 
of  line.  Their  inductance  is  not  more  than  180  nH.  Due 
to  this  the  high  voltage  on  buses  is  absent  during 
charging  a  line  and  on  a  flat  top  when  U=Lm  dI/dt  ~  0. 
The  voltage  arises  only  during  the  rise  time  and  the  fall 
time  of  pulse  and  is  not  more  than  25  kV.  It  simplifies 


the  high-voltage  insulation  of  buses  and  ferrite  in  magnet 
located  on  an  air. 

During  development  one  or  two  type  ceramic  and  oil 
capacitors  were  tested.  As  a  result  oil  capacitors  IK100- 
0.05  were  used  in  cells  of  line  C  and  ceramic  capacitors 
KVI-3  were  used  in  cells  R1C1,  R2C2. 

The  experimental  model  of  the  unit  kickerl  was 
manufactured  as  a  result  of  development.  It  consists  of 
the  pulse  supply  unit  and  the  section  of  magnet.  The 
general  view  of  the  model  is  shown  in  Fig.  3. 


Figure  3:  Experimental  model  of  the  unit  kickerl. 


1480 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


4  EXPERIMENTAL  RESULTS  AND 
FUTURE  DEVELOPMENTS 

On  experimental  model  electrical  durability,  form  of 
pulse  of  a  current  in  buses  of  a  magnet  and  pulse  of  a 
magnetic  field  in  a  working  clearance  and  also 
uniformity  of  a  magnetic  field  were  investigated.  Single 
break-down  in  air  on  constant  charge  voltage  were 
observed  only  35  kV  up,  nevertheless  they  have  not 
hindered  to  lift  charge  voltage  up  to  47  kV  and  to 
achieve  the  calculated  current  8  kA.  There  were  no 
breakdowns  in  insulation  of  buses  of  a  magnet  during 
pulse  voltage.  The  form  of  pulse  of  a  current  in  buses  of  a 
magnet  and  pulse  of  a  magnetic  field  in  clearance  was 
further  defined.  The  measurements  were  carried  out  by 
two  types  of  monitors  and  have  shown  satisfactory 
coincidence  with  calculated  form  of  pulse. 

The  outcome  is  shown  in  Fig.  4. 
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Figure  4:  Magnetic  field  pulse  in  the  median  plane 
(charge  voltage  U=20  kV). 

The  necessary  charge  voltage  was  defined  as  the  result 
of  measurements.  For  kicker  1  it  is  equal  48  kV,  for 
kicker  2  it  is  equal  46  kV.  The  oil  insulation  in  a  power 
supply  unit  was  decided  to  use  for  the  guaranteed 
electrical  reliability.  This  oil  insulation  is  used  for  all 
parts  of  unit,  where  constant  charge  voltage  is,  including 
a  thyratron.  The  construction  of  a  power  supply  unit  with 
oil  insulation  is  developed. 

Preliminary  measurements  the  uniformity  of  a  magnetic 
field  in  the  median  plane  were  made  also.  At  the  distance 
15  mm  from  the  center  of  ceramic  tube  the  uniformity  is 
equal  (2.0 -2.5)%. 

The  test  of  the  power  supply  unit  with  oil  insulation  and 
the  measurement  uniformity  of  a  magnetic  field  in  full 
aperture  are  planed  for  nearest  future. 
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INFLUENCE  OF  THE  TECHNOLOGICAL  PROCESS  CONDITIONS 
TO  PARAMETERS  OF  MAGNETIC  CORES  FROM 
RIBBON  AMORPHOUS  ALLOYS* 

I.  Bolotin,  G.  Mamaev*.  S.  Mamaev,  S.  Poutchkov,  A.  Ctcherbakov, 

MRTI RAS,  Moscow 


Abstract 

In  an  electrical  engineering  and  items  of  powerful  impulse 
engineering  are  actively  applied  amorphous  magnetically 
soft  alloys,  which  can  substitute  electrotechnical  steel, 
permalloy  and  ferrite.  A  high  specific  electrical  resistance 
and  low  specific  losses,  especially  in  items  working  on 
high  frequencies  characterize  the  amorphous  alloys.  The 
characteristics  of  items  from  amorphous  magnetically  soft 
alloys  essentially  depend  on  chemical  structure  of  a  ribbon 
as  cast  and  conditions  of  technological  processing 
(winding,  applying  of  interlayer  insulation  coating, 
thermomagnetic  processing  and  measurements). 

Especially  this  dependence  appears  on  properties  of 
magnetic  cores,  intended  for  use  in  magnetic  pulse 
compression  circuit,  magnetic  switches,  inductors  for 
linear  accelerators,  high  voltage  pulse  transformers  etc. 

The  outcomes  of  researches  on  controlled  effect  through 
the  technological  process  on  parameters  of  magnetic  cores 
from  amorphous  and  nanocrystalline  alloys  are  reduced. 

The  properties  of  magnetic  cores  are  investigated  in  two 
frequency  ranges:  on  frequency  50  Hz  and  of  large  speeds 
of  magnetic  reversal  -  up  to  30  T/ps  (in  this  range  the 
losses  in  cores  are  analyzed). 

1  INTRODUCTION 

The  influence  of  an  interlayer  insulation  to  properties  of 
manufactured  cores  from  amorphous  alloys  is  now  well 
explored.  It  is  known,  the  coat  by  thickness  ~  1  micron  for 
a  theoretically  smooth  tape  allows  to  yield  a  core  with 
record  low  losses.  Substantially  tapes  have 
inhomogeneities  (salients,  peaks,  nicks-and-burrses), 
resulting  in  necessities  of  thickening  of  a  coat.  It  gives  in 
diminution  of  a  pack  factor  and  magnification  of  losses. 
We  have  tried  to  find  requirements  of  a  manufacturing 
process  permitting  to  reach  an  optimum  relation  between 
these  parameters. 

The  analysis  of  influence  of  requirements  of  a 
manufacturing  process  on  the  most  relevant  parameters  of 
cores  was  carried  out  on  cores  intended  for  usage  in 
switching  devices,  i.e.  having  a  so-called  rectangular 


hysteresis  curve.  All  cores  had  been  manufactured  of  an 
amorphous  tape  (2605SA1,  2605SC  from  AlliedSignal, 
(USA),  30KCP,  9KCP,  2HCP,  5BDSR  from  Amet 
(Russia))  of  width  20-25  mm  and  thickness  25±10  pm. 
The  cores  were  made  with  insulation  interlayer  based  of  a 
fluid  soda-ash  glass  (technology  MRTI  RAS)  and 
annealed  in  a  longitudinal  magnetic  field.  Mass  of  cores 
were  from  0.2  up  to  2  kg. 

2  RESULTS  AND  DISCUSS 

It  is  easy  to  effect  on  the  mentioned  above  two  basic 
criterions  of  quality  of  cores  by  thickness  of  interlayer 
insulation  and  by  tension  during  winding  of  the  cores. 

The  influence  of  tape  tension  at  winding  on  magnetic 
parameters  of  the  cores  is  well-studied  [1],  Is  exhibited 
that  the  overflow  of  gain  of  a  tension  of  quantity  in  10  N 
carries  on  to  slope  of  parameter  Br,  therefore  opportunity 
of  magnification  of  a  pack  factor  at  the  expense  of  gain  of 
a  tension  is  restricted.  Thus,  the  searching  of  an  optimum 
relation  between  the  indicated  criterions  of  quality  of  the 
core  was  reduced  to  a  finding  of  minimally  permissible 
thickness  of  coating  using  an  opportunity  to  change 
thickness  of  coating  available  by  MRTI  RAS  technology. 

It  was  explored  influence  of  thickness  of  the  coating  to 
losses  in  cores  manufactured  from  a  widely  known  alloy 
2605SA1.  The  cores  with  different  coating,  which  had  the 
values  of  breakdown  voltage  from  10  up  to  40  V,  were 
winded  with  gain  of  a  tension  in  10N  and  were  tested.  The 
cores  were  manufactured  on  special  installation,  which 
allow  to  realize  the  whole  chain  of  the  process  (winding, 
coating,  annealing,  test  measuring  of  parameters)  [2], 

The  estimation  of  dependence  of  losses  in  cores  from  a 
value  insulation  breakdown  voltage  at  magnetization  rates 
of  about  19  T/ps  and  12  T/ps  was  done.  The  master  data 
obtained  during  experiments  at  different  magnetization 
rates  are  represented  in  Fig.  1  and  2  accordingly. 

As  display  the  diagrams  in  Fig.  1  and  2,  the  dependence 
of  losses  in  cores  from  a  breakdown  voltage  value  has  the 
exponential  character.  The  fracture  of  an  exponential 
curve  is  in  region  15  -  20V  of  the  breakdown  voltage  of 
insulation.  Therefore  reduction  rate  of  losses  in  the  core  at 
increasing  of  the  thickness  of  insulation  at 
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on  20V  of  a  breakdown  voltage,  depending  from 
magnetization  rate  from  8  up  to  27  T/ps  are  shown. 

In  Fig.  4  the  graphs  of  change  of  losses  in  cores 
manufactured  of  such  iron-based  alloys  of  the  Russian 
production  as  30KCP,  9KCP,  2HCP  with  insulation  for 
20V,  depending  on  magnetization  rate  function  are  given. 


Break-down  voltage  (V) 


Figure  1:  Core  losses  at  dB/dt-19  T/ps 


Figure  2:  Core  losses  at  dB/dt~12  T/ps 

breakdown  voltage  greater  20V  will  be  less  than  reduction 
rate  of  the  packing  factor.  We  consider  that  optimum  for 
the  insulation  is  the  insulation  providing  breakdown 
voltage  not  less  than  20V.  With  such  thickness  of  the 
insulation  (20V  of  a  breakdown  voltage  coated  on 
technique  MRTI  RAS),  we  reached  on  alloys  2605SA1 
and  2605SC  the  magnitude  of  a  packing  factor  more  than 
80%.  In  Fig.  3  dependence  of  losses  in  cores  from  of 
alloys  2605SA1  (thickness  of  tape  -  22pm)  and  2605 SC 
(thickness  of  tape  -  17pm)  wound  with  tension  in  10N 
with  insulation, 
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Figure  4:  Losses  for  30KCP,  9KCP  and  2HCP  for  flux 
swing  2.5T 

The  major  contribution  for  reaching  of  the  good  results 
is  given  by  surface  quality  and  geometry  (squareness  of 
section)  of  the  tape.  The  preliminary  grinding  of  a  tape  as 
cast  helps  considerably  to  improve  total  parameters  of 
cores  from  the  tapes  with  medial  and  poor  surface  quality 
and  geometry.  The  preliminary  grinding  also  allows  to 
reduce  thickness  of  insulation  without  magnification  of 
losses  in  the  core.  The  results  of  measuring  of  losses  in 
the  cores  manufactured  from  a  customary  and  ground 
tapes  from  a  cheap  electrotechnical  alloy  9KCP  with 
insulation,  calculated  on  10V  of  a  breakdown  voltage  are 
shown  in  Fig.  5. 
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Figure  3:  Losses  for  2605SA1  and  2605SC  for  flux  swings  FWure  5:  Losses  for  c«stomary  and  grinding  9KCP  for 
2.0T  and  2.5T.  flux  swing  2.5T 
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As  it  is  clear  from  the  graphs,  the  values  of  losses  in  the 
core  from  the  ground  tape  are  comparable  with  losses  in 
the  core  from  the  alloy  2605SC,  distinguished  by 
extremely  low  losses. 

It  is  necessary  to  mark  essential  influence  to  losses  in 
cores  of  a  magnetic  annealing,  which  one  should  be 
conducted  with  a  major  exactitude  (temperature,  time  of 
annealing  and  cooling)  to  receive  optimum  properties  and 
to  not  suppose  a  partial  crystallization,  which  one  reduces 
greatly  the  magnetic  properties.  It  is  necessary  to  mark 
advantages,  which  one  can  obtained  with  using  the 
modem  nanocrystalline  alloys  (5BDSR  from  Russia). 

Nanocrystalline  alloys  have  the  minimum  losses,  low 
coercive  force  and  constant  of  magnetostriction.  The 
alloy  does  not  contain  such  scarce  materials,  as  a  nickel 
and  cobalt.  The  5BDSR  alloy  has  a  coercive  force  and 
value  of  a  magnetic  permeability  comparable  with  the 
according  values  of  precision  amorphous  alloys  82K3XCP 
and  82K2XCP  (Russia)  containing  more  of  80%  of  a 
cobalt,  also  the  value  of  an  induction  Bs  for  an  alloy 
5BDSR  is  much  higher  (1.2  against  0.5).  For  these  alloys 
the  procedure  of  annealing  became  rather  simple  -  the 
only  critical  parameter  is  the  holding  period  of  the  core  at 
fixed  temperature  ~540°C. 

In  a  Fig.  6  results  of  measuring  of  losses  in  the  core 
manufactured  from  nanocrystalline  alloy  5BDSR  in 
comparing  with  losses  in  the  core  manufactured  from  an 
alloy  2605SC  with  insulation,  calculated  on  20V,  at  flux 
swing  IT  are  represented. 


dB/dt  (T/fis) 

5BDSR  —M — 2605SC 


Figure  6:  Losses  for  2605SC  and  5BDSR  for  flux  swing 
IT 

As  it  is  visible  from  the  graphs  the  losses  in  the  core 
from  5BDSR  are  two  times  less  than  in  the  core  from 
2605SC.  But  the  nanocrystalline  alloy  has  the  low 
induction  of  saturation  Bs=1.2T.  However  Russian 
manufacturers  assert  that  they  can  raise  an  induction  of 
saturation  of  this  alloy  up  to  Bs=1.5-1.65T.  The  cost  of  an 
alloy  5BDSR  of  the  same  order,  as  well  as  amorphous 
alloys  with  the  small  content  of  a  cobalt  ~  40-50  $/kg.  At 
the  ordering  of  major  lots  (order  2-5  tons)  the  cost  can 
diminish  till  10-15  $/kg. 


Thus,  if  the  information  on  the  opportunity  of 
magnification  of  an  induction  of  saturation  up  to  1.5  - 
1.65T  will  be  confirmed,  the  alloy  5BDSR  has 
indisputable  advantage  before  usual  amorphous  alloys. 

2.1  Technique  of  monitoring  and  measuring  of 
parameters 

On  a  high  frequency  (the  magnetization  rate  up  to  30 
T/ps)  installation  shaping  high-current  one-time  impulse 
of  a  discharge  current  beforehand  of  the  charged  capacitor 
is  applied.  For  deriving  results  PC  with  built-in  double¬ 
channel  8  bit  analog-digital  converters  with  a  frequency  of 
sampling  100  MHz  is  applied.  On  data  of  measuring  of 
magnetization  field  magnitude  and  the  inductions  in  the 
cores  curves  of  a  hysteresis  are  created.  The  further 
analysis  will  be  carried  out  on  obtained  hysteresis  curves. 
The  accuracy  of  such  combined  measurings  -  is  not  worse 
than  10  %. 


3  CONCLUSION 

The  opportunity  of  reaching  the  optimum  relations 
between  magnitudes  of  a  packing  factor  and  interlayer 
insulation  thickness  is  exhibited. 

The  advantages  of  usage  of  modem  nanocrystalline 
alloys  to  production  of  cores  are  shown. 
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RESULTS  OF  START  OF  THE  150  KV  MAGNETIC 
PULSE  COMPRESSOR 
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I.  Tenykov,  V.  Fedorov,  MRTI RAS,  Moscow, 
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Abstract 

The  powerful  pulse  generator  with  target  parameters  150 
kV,  37  kA  and  duration  of  a  pulse  150  nsec  was 
described  in  article  [1].  The  magnetic  cores  from 
amorphous  alloys  with  ratio  Br/Bs  more  than  0.9  were 
used  as  the  key  elements  in  the  generator.  We  have 
carried  out  process  of  start,  adjustment  and  have  obtained 
the  designed  parameters.  The  researches  on  improvement 
of  electrical  durability  of  installation  and  the  researches 
of  losses  in  cascades  of  the  generator  have  been  carried 
out.  The  greatest  attention  devoted  to  the  research  of 
work  and  modernization  of  the  second  step  of 
compression,  to  the  reduction  of  its  inductance  with  the 


purpose  of  to  reduce  built-up  time  of  a  pulse.  We 
managed  to  receive  built-up  time  (at  a  level  from  0. 1  up 
to  0.9)  of  the  generator  pulse  about  40  nsec. 


1  GENERAL  DESIGN 

The  general  parameters  of  the  generator  are: 
Output  voltage  150  kV 

Output  impedance  4  Ohm 

Output  pulse  duration  150  ns 

Build-up  time  40  ns 

Pulsed-oscillator  starting 
time  (jitter)  10  ns 

Repetition  rate  1  pulse/min 


Figure  1:  The  generator  design. 

The  generator  includes  an  energy  store  Cl,  thyratron 
switch  VI  and  step-up  transformer  (there  were  used  two 
transformers  T1  and  T2  connected  in  parallel).  The 
secondary  energy  store  C2  is  connected  to  secondary 
winding  of  transformer.  By  means  of  saturable  choke 
LD1,  energy  of  the  store  supplied  to  pulse  forming  line 
(PFL).  Charged  PFL  connects  to  load  RL  by  means  of 
second  saturable  choke  LD2.  After  each  pulse,  the 
demagnetization  of  the  cores  of  the  transformers  and 
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chokes  is  performed.  After  that  the  induction  of  all  cores 
is  equal  to  maximum  residual  induction  -  Br.  The 
demagnetization  pulse  current  Idem  is  creating  by  the 
demagnetization  unit,  which  is  not  shown  in  Fig.  1.  The 
choke  LD4  and  capacitor  C3  forms  a  filter  for  the 
protection  of  the  demagnetization  unit  from  high  voltage 
of  the  secondary  windings  of  T1  and  T2. 

The  demagnetization  current  branches  on  2  parts.  First 
saturates  transformer  cores.  It  magnitude  is  limited  by 
resistor  R2,  R3.  The  second  part  saturates  a  circuit  of  the 
series  connected  chokes  LD1,  LD3,  LD4,  LD5.  The 
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choke  LD5  shunts  a  load.  It  allows  reducing 
demagnetization  unit  power.  As  this  circuit  is  saturated 
after  saturation  of  transformers,  it  is  not  necessary  to 
limit  this  current. 


Figure  2:  The  basic  voltage  diagrams. 

Below  there  are  the  results  of  starting  up  of  the 
generator. 

1.1  Primary  circuit 

It  is  the  battery  of  store  capacitors  (Cl)  and  charged  - 
discharged  circuits,  connected  to  it.  We  had  the 
breakdowns  near  capacitor  buses  at  the  50  kV  voltage 
level.  To  achieve  calculated  high-voltage  durability  the 
heating  of  the  oil  in  pumping  out  vessels  was  made.  We 
have  achieved  breakdown  voltage  of  the  oil  65-70  kV 
(before  drying  it  was  30-35  kV)  on  VDE0370 
measurement,  which  is  equivalent  -  58  kV  on  VTE.  We 
have  to  improve  the  high  voltage  buses  and  other 
elements  with  the  purpose  to  reduce  strength  of  the  field, 
and  also  to  improve  the  reliability  threading  joints,  as  the 
discharge  current  exceeded  50  kA. 

1.2  The  circuit  of  transmission  of  energy  to  the 
secondary  store 

We  used  two  transformers  connected  in  parallel  in  order 
to  receive  the  necessary  power  using  one  of  our 
transformer  design  and  also  with  desire  to  reduce  the 
weight  of  each  unit.  In  Fig.  3  the  basic  elements  of  the 
first  step  of  a  generator  -  primary  energy  store,  thyratron 
unit,  step-up  transformer  and  also  choke  are  shown. 
Basic  work,  which  was  carried  out  with  the  transformer, 
is  an  optimization  of  its  factor  of  transformation  with  the 
purpose  of  deriving  on  the  secondary  store  C2  of 
necessary  voltage  -  300-310  kV.  In  Fig.  2a  the 
oscillogram  of  voltage  on  the  secondary  store  C2  is 
shown.  As  to  duration  of  charging  pulse,  this  parameter 
has  not  caused  the  problems;  i.e.  the  time  was  close  to 
calculated  one  -  about  1.5  microsecond.  The  voltage  on 
C2  had  appeared  a  little  less  than  expected  on  10-15%. 
The  research  has  shown  that  it  was  connected  to  active 
losses  in  an  outline  of  transmission  of  energy.  For' 
localization  of  losses  the  work  of  the  first  stage  of  a 
generator  with  disconnected  second  stage  was 
investigated  and  it  was  shown  that  the  main  losses  were 
the  losses  in  capacitors.  On  resonance  frequency  (f  =  300 
kHz)  their  quality  factor  Q  =  7.  Quality  factor  of  the 
transformer  together  with  buses  is  80. 


Thyratron  Capacitor  C2 


Step-up  trans.  Choke 


Figure  3:  The  basic  elements  of  the  generator  first  step. 

For  achieving  the  voltage  300-310  kV  we  have  to  raise 
transformation  ratio  from  7  up  to  8.5  and  the  same  time 
the  conditions  of  transmission  of  the  energy  had  been 
improved  a  little. 

The  reduced  value  of  capacity  C2  to  the  primary 
winding  of  the  transformer  with  new  factor  became 
closer  to  capacity  of  a  primary  store,  than  before. 

After  testing  the  efficiency  of  the  first  step,  which  is 
equal  to  ratio  of  energy  of  secondary  and  primary  stores 
became  0.7. 

1. 3  Choke  of  the  first  step  LI 

Choke  of  the  first  step  has  three  turns  wound  around 
ferromagnetic  core  with  rectangular  square  loop  of  a 
hysteresis  (material  9KCP).  The  cross  section  of  the  steel 
S  =  290  cm2,  weight  of  a  material  of  the  core  -  200  kg. 
The  choke  is  realized  from  4  in  series  connected  sections. 
It  was  made  with  the  purpose  of  a  voltage  reduction 
between  choke  turns  (Fig.  4). 


Figure  4:  The  view  of  the  first  step  choke. 

At  the  beginning  of  the  work  there  were  the 
breakdowns  between  the  turns  of  output  section  because 
of  non-uniform  distribution  voltage  along  sections.  After 
saturation  of  the  choke  water  line  is  charged  during  0.5 
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microsecond.  The  stray  capacitance,  which  is  derived  by 
last  section  on  a  grounded  screen,  is  charged  up  to  300 
kV.  The  terminal  of  the  last  section  connected  to  a  water 
line  after  it  discharging  appears  under  a  zero  potential, 
that  means  that  on  winding  of  the  section  there  is  a  full 
voltage  -  300  kV.  For  it  elimination  the  capacity  divider 
was  installed,  which  aligned  voltage  along  sections.  Also 
the  clearance  between  the  first  and  third  turns  in  last 
section  was  enlarged.  After  these  changing  the  choke 
worked  reliable.  The  calculated  time  of  charging  of  a 
water  line  0.45  -  0.5  microsecond  was  obtained  without 
additional  regulation  and  adjustment.  The  moment  of 
saturation  choke  LI  approximately  corresponded  to  a 
maximum  of  a  charge  of  a  secondary  store  without 
additional  regulations. 

1.4  Choke  of  the  second  step  L2 

Originally  installed  double-turn  choke  with  additional 
sharpener  of  voltage  was  replaced  by  two  connected  in 
parallel  single-turn  chokes.  We  used  additional  material, 
but  simplified  deriving  a  necessaiy  sharpness  of  the  front 
of  impulse.  A  cross-section  of  the  steel  is  equal  237  cm2. 
Chokes  were  made  from  the  same  type  of  the 
ferromagnetic  cores,  using  material  9KCP.  The  voltage 
waveform  on  a  load  (4  Ohm)  is  shown  in  Fig.  2b. 

Efficiency  of  installation  as  a  whole,  defined  by  a  ratio 
of  output  pulse  energy  to  energy  of  a  primary  store  is 
equal  about  0.5.  If  to  take  into  account,  that  the  efficiency 
of  the  first  step  is  equal  0.7,  it  is  received,  that  in  the 
second  step  the  efficiency  is  0.7.  The  reason  of  losses  in 
the  second  step  was  not  investigated,  since  losses  were 
not  the  defining  factor  for  the  installation. 


1.5  Diagnostics 

In  a  construction  of  a  generator  the  measuring  voltage 
dividers  and  also  measuring  transformers  of  a  current  are 
installed. 

The  measuring  voltage  divider  is  connected  in  a 
parallel  way  to  capacitor  C2  (Fig.  3).  Two  measuring 
voltage  dividers  are  built  in  the  water  line.  The  resistive 
divider  is  connected  in  a  parallel  way  to  the  load  of  the 
generator.  Measuring  transformers  of  the  current  are 
installed  on  the  input  and  output  of  the  PFL.  In  Fig.  4  the 
resistive  divider  and  also  measuring  transformer  included 
in  one  of  six  parallel  resistors  of  a  load  of  the  type  TBO- 
60  are  shown. 
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Figure  5:  The  view  of  the  second  step  loads  area. 

Nevertheless,  the  losses  can  be  explained  by  some 
mismatching  of  the  water  line  and  load,  and  also  by 
incomplete  transmission  of  the  energy  from  a  secondary 
store  to  PFL.  In  Fig.  5  the  chokes  of  the  second  step  with 
an  on-line  load  are  represented. 
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Abstract 

This  paper  describes  the  pulse  modulator  power  supplies 
used  to  drive  the  kicker  magnets  that  inject  the  muon 
beam  into  the  g-2  storage  ring  that  has  been  built  at 
Brookhaven  National  Laboratory.  Three  modulators  built 
into  coaxial  structures  consisting  of  a  series  circuit  of  an 
energy  storage  capacitor,  a  damping  resistor  and  a  fast 
thyratron  switch  are  used  to  energize  three  magnets  that 
kick  the  beam  into  the  proper  orbit.  A  100  kV  charging 
power  supply  is  used  to  charge  the  capacitor  to  95kV.  The 
damping  resistor  shapes  the  magnet  current  waveform  to  a 
450  nanosecond  half-sine  to  match  the  injection 
requirements.  This  paper  discusses  the  modulator  design, 
construction  and  operation. 

INTRODUCTION 

The  goal  of  high  energy  physics  experiment  AGS  821  is  to 
make  precision  measurements  of  the  muon  g-2  value. 
These  measurements  require  the  use  of  a  super-conducting 
storage  ring  to  store  a  circulating  muon  beam.  The  muon 
beam  intensity  in  the  storage  ring  is  increased  by  moving 
the  beam  into  the  proper  orbit  with  three  kicker  magnets 
after  injection. 

The  kicker  magnets  are  located  in  the  ring,  down 
stream  of  the  inflector.  Each  of  the  three  kicker  magnets 
is  driven  by  its  own  pulse  modulator  power  supply.  The 
kicker  system  deflects  the  3.094GeV/c  momentum  beam 
10  mrad'. 

The  initial  development  of  the  pulse  modulator  can 
best  be  described  as  long  and  arduous.  The  first  prototype 
model  used  a  sparkgap  as  a  switch.  While  the  modulator 
was  able  to  produce  the  correct  current  amplitude  and 
waveform,  switch  life  was  limited  to  at  most  one  million 
pulses2.  The  spark  gaps  of  various  manufacturers  were 
tested  with  no  improvement  in  switch  life.  Many  months 
of  R&D  were  invested  into  looking  for  causes  and  a 
solution  to  electrode  deterioration.  The  gap  electrodes' 
were  replaced  with  electrodes  of  different  materials  but 
they  failed  because  of  metal  migration,  pitting  and 
sputtering. 


The  prototype  structure  was  modified  and  the  sparkgap 
was  replaced  by  a  high  voltage  thyratron.  The  modulator 
was  pulsed  over  three  million  times  without  failure. 

The  modulator  is  a  simple  low  inductance  coaxial 
structure  consisting  of  a  grounded  cathode  thyratron  in 
series  with  a  damping  resistor,  an  energy  storage  capacitor 
and  the  kicker  magnet.  The  capacitor  is  charged  by  a 
resonant  charging  power  supply.  The  series  discharge 
resistor  provides  a  load  for  the  circuit.  The  resistor  value 
was  chosen  to  limit  the  thyratron  current  during  discharge 
and  to  reduce  the  pulse  reverse  voltage. 

Because  of  the  sensitivities  of  other  systems  and 
instrumentation  associated  with  the  storage  ring,  much 
thought  was  given  to  electromagnetic  compatibility 
(EMC).  Consideration  was  given  to  the  isolation  and 
grounding  of  all  parts  of  the  system.  Prevention  of 
electromagnetic  interference  (EMI),  from  the  high  energy 
circuits  was  accomplished  by  using  a  totally  enclosed 
outer  conductor  of  the  modulator  and  the  magnet  chamber. 
Power  supply  and  magnet  currents  are  kept  inside  to 
provide  a  continuous  low  noise  grounding  circuit  with  no 
external  conducted  or  radiated  EMI.  All  power-wiring 
conductors  are  filtered.  Instrumentation  shields  and 
cabinets  also  required  planning  and  carefully  placed  point 
grounds. 

The  associated  trigger  timing  system,  auxiliary  power 
supplies,  and  controls  are  located  inside  the  g-2  ring 
adjacent  to  the  modulators. 

DESIGN  AND  SIMULATION 

The  modulator  is  required  to  generate  a  nominal  450  nsec 
half-sine  4.3  kA  peak  current  pulse  in  the  kicker  magnet. 
It  must  operate  in  a  burst  mode  of  six  pulses  at  a  30  Hz 
rate  with  a  2.5  second  period.  Future  requirements  include 
doubling  the  number  of  pulses  to  12. 

Computer  simulations  were  used  to  optimize  the 
simple  RLC  circuit  so  that  the  current  amplitude  and  pulse 
length  requirements  could  be  met  with  realizable 
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components.  The  kicker  magnet  consists  of  a  single  turn 
aluminum  conductor  in  vacuum.  The  inductance  of  the 
kicker  magnet  and  its  high  voltage  feedthrough  is  1.1  pH. 
The  inductance  of  the  coaxial  line  section  and  thyratron  is 
0.4  pH.  The  simulations  confirmed  the  need  for  an  energy 
storage  capacitor  of  10  nF,  a  damping  resistor  of  11.5 
ohms  and  a  charging  voltage  of  95kV.  The  simplified 
circuit  model  is  shown  in  Figure  1. 


Figure  1.  Simplified  simulation  circuit  model. 

HIGH  VOLTAGE  DISCHARGING 
CIRCUIT  ASSEMBLY 

The  discharge  switch  is  an  EEV  type  CXI 699  four  gap 
hydrogen  thyratron  shown  in  Figure  2.  It  is  rated  at  a  130 
kV  maximum  peak  forward  anode  voltage.  The  10  nF 
storage  capacitor  is  rated  for  lOOkV.  The  dumping  resistor 
is  a  stack  assembly  consisting  of  12  each,  3.75  inch  in 
diameter  by  1  inch  thick  Cesiwid  washer  resistors 
sandwiched  between  copper  cooling  fin  disks  for 
improved  internal  cooling.  The  Damping  resistor  stack  is 
shown  in  Figure  3. 


Figure  2.  EEV  type  CX1699  thyratron. 


Figure  3.  Damping  resistor  stack  assembly. 


The  capacitor  and  resistor  stack  are  coaxially  mounted 
in  an  aluminum  pipe  filled  with  a  silicon  insulating  fluid. 
The  thyratron  is  housed  in  an  accessible  rectangular  box 
section  filled  with  the  same  fluid,  at  one  end  of  the  coaxial 
line.  The  other  end  of  the  line  is  provided  with  a  ceramic 
high  voltage  feedthrough  insulator  in  a  separate  section 
filled  with  Flourinert  FC40  insulating  liquid.  This 
insulator  provides  an  interface  between  the  modulator  and 
the  magnet  vacuum  chamber.  The  outer  pipe  of  the  line 
section  is  the  magnet  return  conductor.  Figure  4  shows  the 
modulator  and  kicker  magnet  assembly. 


Figure  4.  Modulator  and  kicker  magnet  assembly. 


RESONANT  CHARGING  SYSTEM 

The  system  repetition  rate  of  30  Hz  requires  a  timing 
sequence  that  will  allow  charging  of  the  energy  storage 
capacitor  to  the  operating  voltage  in  28  msec,  and  then  fife 
the  thyratron  3  msec  later.  This  requirement  is 
accomplished  by  using  a  resonant  charging  power  supply. 
Figure  5  shows  the  resonant  charging  power  supply.  It 
consists  an  85  to  1  step-up  transformer  with  a  resonant 
secondary,  that  is  pulse  driven  by  a  lower  voltage  power 
supply  with  energy  storage  and  a  switching  SCR.  The  low 
voltage  power  supply  is  inhibited  when  the  SCR  and 
thyratron  are  conducting. 


Figure  5.  Resonant  charging  power  supply 

TRIGGER  TIMING  SYSTEM 

The  operation  of  the  power  supplies  depends  on  proper 
timing  and  triggering.  The  major  system  components  are 
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located  in  both  the  g-2  control  room  and  in  the  center  of 
the  g-2  ring  as  shown  in  Figure  6.  Fiber  optic  and 
transformer  links  are  used  where  it  is  necessary  to  provide 
noise  isolation. 

A  real  time  pulse,  “AGS  Pre-pulse”  which  is  converted 
to  a  27ms  charge  gate  for  the  ALE  charging  supplies  by  a 
digital  delay  generator,  initiates  the  kicker  cycle.  An  SCR 
firing  trigger  is  internally  generated  one  millisecond  after 
the  end  of  this  gate.  The  SCR  discharges  a  storage 
capacitor  bank  into  the  resonant  charge  transformer, 
charging  the  main  discharge  capacitor.  At  approximately 
2  ms  after  the  charging,  an  AGS  “beam  request”  trigger 
which  is  synchronous  to  the  beam  rf  phase  is  received  and 
delayed  by  approximately  56us.  Then,  it  is  fanned  out  to 
three  individually  variable  channels  (to  accommodate 
individual  tube  characteristics)  and  sent  to  a  three  channel 
sequential  delay  chassis  used  to  minimize  timing 
variations  over  the  6  burst  pulses.  These  signals  are  then 
sent  to  the  MOSFET  trigger  amplifiers  that  are 
transformer  coupled  to  the  thyratron  grids  firing  the  tubes. 


Figure  6.  Trigger  timing  system. 


TEST  RESULT  DATA  AND  CONCLUSION 

The  three  modulators  and  their  kicker  magnets  have  been 
operating  successfully  without  failure  for  the  August  1998 
and  also  the  January  and  February  1999  g-2  physics  runs. 
They  have  been  running  at  92  kV.  Figure  7  shows  a 
typical  magnet  current  pulse  at  95kV.  The  present 
operating  mode  is  a  six  pulse  burst.  In  the  future  the 
experiment  will  go  to  a  12  pulse  burst.  The  modulator  has 
already  been  tested  successfully  with  12  pulses.  Figure  8 
shows  a  complete  system  diagram. 


Adessi,  P.  Benjamin,  K.  Hartmann,  S.  Kochis,  S.  Perlstein 
and  D.  Vonlintig  for  their  expeditious  help  in 
manufacturing  and  assembly. 
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Figure  7.  Kicker  magnet  current  waveform  (lkA/div, 
200nS/div) 


Figure  8.  Modulator  power  supply  diagram. 
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1.  ABSTRACT 

The  next  generation  of  linear  colliders  will  require  an 
order  of  magnitude  leap  in  pulsed  power  to  millions  of 
volts  at  thousands  of  amperes,  delivered  at  much  higher 
efficiency  than  is  presently  available.  The  current 
technology  base  of  thyratrons,  PFNs,  etc.,  is  inherently 
limited  in  scaling  to  meet  these  new  requirements. 

Diversified  Technologies,  Inc.  (DU),  has  had 
tremendous  success  since  1993  in  the  application  of  high 


Figure  1  DTI’s  HVPM  100-500 100  kV, 
50  MW  Peak  Pulse  Modulator. 


voltage  IGBT  devices  to  large,  high-voltage  and  high- 
current  modulator  systems.  DTI  has  sold  commercial 
solid-state  modulators  capable  of  20  tol60  kV  and  150  to 
2000  A  for  customer  applications  ranging  from  RF  tube 
testing  to  ion-implantation.  This  technology  is  rapidly 
becoming  the  preferred  alternative  to  conventional 
vacuum  tube  modulators  and  switches  for  future 
accelerator  designs. 


from  50A-1200A  continuous.  They  also  feature  the  very 
low  drive  current  requirements  of  Field  Effect  Transistors 
(thus  the  Insulated  Gate).  This  eliminates  the  need  for 
cascaded  stages  of  bipolar  drives  required  by  the  low 
betas  of  early  high  current  bipolar  circuit  designs. 

To  use  IGBTs  for  high  voltage  switching,  many  devices 


Controls/ 
Gate  Drive  Power 


Series  Resistor 


Figure  2:  Solid  State  Modulator  Components 

must  be  cascaded  in  series.  (Figure  2).  This  concept 
provides  the  flexibility  of  a  modular  design,  with  no 
inherent  limit  to  voltage  handling.  However,  it  also 
necessitates  the  formidable  task  of  ensuring  that  the  load 
is  shared  equally  between  devices  so  that  no  single  device 
sees  harmful  or  destructive  voltages.  The  gate  drives  must 
be  highly  synchronized  to  accomplish  this.  DTI  has 
developed  and  patented  the  technology  to  achieve  this 
synchronization,  which  has  been  demonstrated  at  up  to 
160  IGBTs  in  series,  and  up  to  six  IGBTs  in  parallel. 

The  benefits  of  solid-state  switching  of  high  voltage 
include  high  reliability,  significantly  higher  efficiency, 
and  fast,  repeatable  switching  characteristics.  Our 
analyses  have  shown  that  these  solid  state  systems  are 
capable  of  providing  15x  improvements  in  power 
efficiency  during  switching,  and  orders  of  magnitude 
improvements  in  reliability  compared  to  vacuum  tube  and 
thyratron  based  switches. 

3.  SOLID  STATE  MODULATOR  PRINCIPLES 


2.  BACKGROUND 

2.1  IGBTs 

Solid  state  devices  are,  in  general,  low  voltage  devices. 
Recent  advances  in  Insulated  Gate  Bipolar  Transistors 
(IGBTs)  have  improved  the  voltage  and  current  handling 
characteristics  considerably.  Typical  devices  have 
voltage  ratings  from  1200V-3300V  and  current  ratings 


3.1  Simple  Switch -Ideal  Pulse 

Ideally,  a  modulator  acts  as  a  simple  switch  between  a 
high  voltage  power  supply  and  its  load  (such  as  a 
klystron).  The  desired  properties  of  such  an  ideal  switch 
would  be  infinite  voltage  holdoff,  infinite  off-resistance, 
zero  on-resistance,  and  full  immunity  to  transients  and 
voltage  reversals. 
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Achieving,  as  closely  as  possible,  this  ideal  pulse  is 
critical  to  the  performance  of  a  number  of  pulsed  power 
applications.  Generating  pulses  which  closely  approach 
this  ideal  pulse  is  typically  a  critical  objective  of  high 
pulsed  power  system  design. 


Figure  3:  Ideal  Pulse 

Historically,  vacuum  switch  tubes  or  thyratrons, 
alone,  or  in  combination  with  Pulse  Forming  Networks 
(PFNs)  and  pulse  transformers,  have  been  used  for  this 
purpose.  The  non-ideal  behavior  of  these  conventional 


Figure  4:  Nearly  Ideal  HVPM  100-500 
Pulse  80  kV,  90A  Into  Water  Resistor 


switches  includes  a  large  effective  voltage  drop,  limited 
current  capability  and  speed,  high  maintenance,  and 
complex  driving  and  protection  circuitry.  As  future 
system  requirements  extend  to  higher  voltage  and  power, 
the  use  of  vacuum  tubes  becomes  increasingly  impractical 
due  to  the  inherent  voltage  and  current  limits  of  these 
devices. 


4.  APPLICATIONS 


. 


v- 


4. 1  Cathode  Modulator 

There  are  two  principal  approaches  to  applying  high 
voltage  solid-state  modulators  to  accelerators.  First,  very 
high  voltage  and  moderate  current  operation  can  be  used 
to  switch  microwave  devices  directly.  This  also  has  the 
direct  benefit  eliminating  the  need  for  a  separate  crowbar 
circuit,  since  the  switch  can  open  rapidly  in  the  event  of 
an  arc.  Alternately,  lower  switch  voltages  at  high  currents 
can  be  used  in  conjunction  with  pulse  transformers  to 
provide  pulses  of  energy.  In  either  case,  very  fast 
risetimes  and  falltimes  are  required  for  operational  and 
cost  efficiency  reasons.  Furthermore,  these  basic  circuits 
can  be  used  either  as  cathode  modulators  or  mod-anode 
modulators  in  typical  accelerator  systems. 

4.2  Crowbar  Replacement 

The  response  time  of  DTTs  technology  provides  a  new 
level  of  protection  to  sensitive  high  power  electronics, 
such  as  vacuum  tubes.  A  typical  crowbar,  at  100  kV  and 
100  A  current,  will  allow  20  J  of  energy  through  the  arc 
even  with  a  fast  2  pS  response-  below  the  50  J  which  may 
cause  damage,  but  enough  to  degrade  the  lifetime  of  the 
tube. 

DTI’s  switches  can  open  and  close  in  less  than  0.5  pS. 
This  fast  response  allows  these  switches  to  operate  as 
effective  ‘fast  fuses’.  Under  the  conditions  described 
above,  the  energy  available  to  cause  tube  damage  is 
reduced  by  75%  to  5  J.  Unlike  a  typical  crowbar, 
however,  the  solid  state  switch  can  be  closed  again  almost 
immediately.  Furthermore,  this  cycle  can  be  repeated 
indefinitely. 


4.3  Mod-Anode  Modulator 

The  same  switching  solid  state  switching  technology  can 
be  applied  to  mod-anode  modulators  -  either  directly 
(hard  switched)  or  in  conjunction  with  a  pulse 


V 
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pulldown 


AM - 

1  1 


Figure  6:  Mod-Anode  Modulator 


transformer.  Typically,  the  lower  power  required  for  mod- 
anode  modulation  allows  very  fast  operation.  DTI  has 
demonstrated  a  20  kV  mod-anode  modulates-  for  a  Navy 
radar  application  capable  of  400  kHz  operation. 


Figure  5:  Cathode  Modulator/ Crowbar  Replacement 
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Figure  7 :  45  kV,  30  a  DTI  Solid  State  Switch 
with  Klystron  at  SLAC 


Figure  8:  SLAC  Prototype  45  kV,  30  A 
Switch  Result  @  22  kV,  80  a  Into  Resistive 
Load 


5,  BENEFITS 

The  primary  benefit  of  a  full  voltage  (cathode)  switch  for 
advanced  accelerators  will  be  economic.  The  principal 
power  loss  in  a  direct  switched  system  is  the  fCV2  losses 
to  the  parasitic  capacitance.  The  fast  risetime  capability  of 
a  direct  switch  will  reduce  power  lost  on  ramp-up  and 
settling  time.  A  PFN  or  hybrid  modulator/transformer 
approach  will  generally  have  a  slower  risetime  because  of 
series  inductance,  as  well  as  additional  magnetizing 
current  and  parasitic  capacitance  in  the  magnetics.  This 
also  allows  fully  programmable  pulse-width,  and  the 
adaptability  of  the  accelerator  system  to  varying  physics 
requirements. 


5. 2  Higher  Reliability 

Due  to  arcing  and  emissions/outgassing  within  the  tube 
itself  and  short  cathode  life,  vacuum  tubes  have  an 
inherently  limited  lifetime.  Although  improvements  have 
been  made  in  tube  manufacturing  since  WWII,  tube 
lifetime  is  still  limited  to  the  thousands  (tens  of  thousands 
in  some  case)  of  hours. 

DTI’s  solid  state  modulators  provide  nearly  infinite 
flexibility  in  pulse  parameters  (pulsewidth,  PRF,  peak 
current,  voltage,  and  duty  cycle).  Typical  rise  /  fall  times 
for  DlTs  PowerMod™  Systems  are  <0.5  pS  for  high 
power  (MWs)  pulses. 

Line  modulators  and  PFNs  use  resonant  circuits  to 
achieve  high  power  pulses.  These  systems  are  designed  to 
provide  a  very  narrow  range  of  PRFs  and  pulsewidths. 

5.3  Increased  Current  Handling  Capability 

With  DTI’s  solid  state  modulators,  maximum  current 
capability  is  a  design  parameter.  DU  has  built  modulators 
capable  of  handling  2000A,  and  placing  switch  modules 
in  parallel  can  accommodate  higher  currents. 

5.4  Ruggedness 

DTl’s  PowerMod™  solid  state  modulators  are  inherently 
rugged,  isolated  from  external  conditions,  and  able  to 
provide  consistent  performance  over  a  wide  range  of 
conditions.  High  voltage  tubes,  by  virtue  of  their 
construction,  are  relatively  fragile  and  susceptible  to 
variations  in  performance  due  to  operating  conditions. 

5.5  Safety  from  X-rays 

High  voltage  power  tubes  produce  X-rays  due  to  inherent 
grid  emission  leakage  or  primary  electron  conduction. 
Shielding  of  the  tube  is  required  for  safe  operation.  DTI’s 
PowerMod™  systems  do  not  create  X-rays. 

The  combination  of  the  technology  required  for  advanced 
accelerators,  and  DTI’s  ongoing  efforts  to  move  to  higher 
voltages,  peak  power,  and  frequency,  provides  both  our 
government  and  commercial  customers  significant 
advantages  in  future  high  voltage,  high  power  systems. 

(wd) 


5. 1  Increased  Efficiency 

Switch  tubes  have  an  inherently  high  voltage  drop  across 
them.  At  high  peak  power,  this  results  in  significant 
power  loss  across  the  tube,  and  drives  the  need  for 
substantial  cooling  systems  for  the  tube  itself. 
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A  SOLID  STATE  INDUCTION  MODULATOR  FOR  SLAC  NLC* 

R.L.  CASSEL,  G.C.  PAPPAS,  M.N.  NGUYEN,  J.E.  DeLAMARE 
Stanford  Linear  Accelerator  Center 


Abstract 

The  Next  Linear  Collider  accelerator  proposalat  SLAC 
requires  a  high  efficiency,  highly  reliable,  and  low  cost 
pulsed-power  modulator  to  drive  the  500  KV,  260A  X 
band  klystrons.  With  a  pulse  width  of  less  than  1.5 
microseconds,  it  is  difficult  for  the  present  SLAC  type 
modulator  with  conventional  pulse  transformer  to  have  a 
high  efficiency  due  primarily  to  the  inherently  slow  rise 
and  fall  time  of  the  video  pulse.  The  proposed  induction 
modulator  utilises  a  pulse  transformer  similar  to  an 
induction  accelerator  driven  by  Solid  State  high  voltage 
IGBTs.  The  performance  of  the  IGBTs,  induction  cores 
and  a  low  voltage  model  will  be  discussed  as  well  as  the 
design  and  construction  of  a  prototype  modulator  capable 
of  driving  up  to  8  of  the  X  band  klystrons 

1.0  Design  consideration  efficiency,  availability 
&  cost 

The  major  problem  with  the  conventional  PFN  type 
modulator  use  at  SLAC  and  around  the  world  for  the  Next 
Linear  Collider  (NLC)  is  the  efficiency  of  the  modulator 
for  short  pulse  operation.  The  leakage  inductance  for  the 
pulse  transformer  and  the  stray  inductance  of  the 
switching  circuit  inherently  limit  the  rise  and  fall  time  of 
the  klystron  voltage  waveform.  To  reach  the  efficiency 
goals  of  >  75%  for  the  modulator  for  the  NLC  it  is 
necessary  to  have  a  rise  and  fall  time  of  the  klystron 
voltage  pulse  of  less  than  200  r|sec.  With  the  high  voltage 
of  the  NLC  klystron  of  500  kV  and  large  stray  capacitance 
of  >  100  pfd  per  klystron  (RC  time  constant  of  200  r|sec.) 
it  is  difficult  to  obtain  a  fast  rise  time  with  a  matched 
impedance  PFN  modulator. 

The  operational  availability  of  the  standard  SLAC  type 
modulator  is  limited  by  the  failure  rate  of  hydrogen 
thyratron  used  for  switching.  In  addition  thyratron  are 
subject  to  a  high  incidents  of  spontaneous  triggering, 
which  effects  the  overall  accelerator  availability. 

The  peak  power  of  thyratron  and  circuit  &  PFN 
impedance  limits  the  practical  peak  power  of  a  SLAC  type 
modulator  to  about  300  megawatts  peak,  or  capability  of 
driving  more  than  two  NLC  klystron  at  one  time.  This 
makes  the  cost  of  modulators  >100k$  per  klystron  for  the 
conventional  SLAC  modulator  expensive  to  build. 

1.2)  Configuration  Selection 

To  obtain  a  low  leakage  inductance,  the  pulse  transformer 
configuration  selected  was  the  fractional  turn  transformer 

'Work  supported  Department  of  Energy  contract  DE-AC03-76SF515 


with  a  one  turn  secondary.  This  configuration  is  similar  to 
an  induction  accelerator  with  a  conductor  in  place  of  the 
beam.  The  resulting  secondary  leakage  inductance  is 
extremely  low  (<1  phy).  The  major  part  of  the  leakage 
induction  coming  from  the  multiple  primary  connections 
and  the  drivers. 

To  obtain  500  kV  for  1.5  usee.  (0.75  volt  seconds)  with 
one  turn  secondary  requires  a  large  magnetic  core  cross 
sectional  area.  To  drive  the  core  without  using  a  matched 
PFN  requires  a  switch  that  can  not  only  turn  on  fast  at 
high  power  levels  but  also  turn  off.  This  switching  devices 
now  exists  in  the  form  of  IGBT’s  (Isolated  Gate  Bipolar 
Transistors).  IGBT’s  are  now  available  from  several 
manufactures  which  can  switch  on  and  off  in  <  100  r|sec 
to  power  levels  of  5  megawatts  per  device.  High  voltage 
devices  capable  of  switch  >  10  megawatts  for  1.5  psec. 
are  under  development. 

The  use  of  one  turn  secondary  fractional  turn  transformer 
combined  with  high  current  IGBT  allows  for  the  driving 
of  8  klystron  with  one  modulator  or  approximately  1000 
megawatts  of  power  for  1.5  psec.  The  larger  number  of 
klystrons  per  modulator  reduces  the  overall  cost  and  size 
of  the  modulator.  Figure  1. 


Figure  1.  Induction  Modulator  Layout 


1.3  Induction  Modulator  Specification 


•  NUMBER  OF  NLC  KLYSTRONS  8  EACH 

•  OPERATING  PULSED  VOLTAGE  500  kV 

•  OPERATING  PULSED  CURRENT  2120  AMPS 

•  REPETITION  RATE  1 20  Hz 

•  VOLTAGE  REGULATION  FLAT  TOP  <±1.0% 

•  RISE /FALL  TIME  <200iisec 

•  PULSE  DURATION  FLAT  TOP  1 .5  psec 

•  ENERGY  EFFICIENCY  >75% 

•  NUMBER  SECONDARY  TURNS  1 
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•  NUMBER  FRACTIONAL  TURNS  104 

•  NUMBER  OF  CORE  STACKS  4 

•  NUMBER  OF  CORE  PER  STACK  26 

•  MAGNETIC  CORE  SIZE  2”H,3.75"W 

•  VOLTAGE  PER  CORE  5  kV 

•  CURRENT  PER  CORE  2.3  kA 

•  TOTAL  LEAKAGE  INDUCTANCE  <10phy 


•  SECONDARY  STRAY  CAPACITANCE  <400  pfd 

1.4  Transformer  Core  design 

If  the  efficiency  goal  is  to  be  obtain  the  losses  in  the  large 
core  must  be  small.  The  core  area  is  set  by  the  volt  second 
requirement  and  voltage  clearance  to  support  the  500  kV 
pulses.  To  deduce  the  core  volume  and  losses,  the 
transformer  core  will  be  made  of  small  inside  diameter 
Metglas  uncut  tape  wound  cores.  Each  of  the  four  core 
stacks  has  a  different  inside  diameter  core  to  corresponded 
to  a  average  voltage  gradient  in  the  secondary  winding  oil 
insulation  of  <  250  volts/mill  and  a  peak  gradient  of  <  400 
volt/mill.  We  have  been  studying  different  amorphous 
magnetic  materials.  The  first  modulator  well  be  made  with 
AlliedSignal  2605SA1  Metglas  because  of  its  availability, 
however  Hitachi  FT-1  Finmet  or  nanocrystalline  alloys 
which  are  now  becoming  available  may  be  used  to  reduces 
the  core  losses  even  further.  (Figure  2.) 


1.5  Solid  State  Drive 


With  the  use  of  IGBT's  the  drive  for  the  core  is  simple, 
consisting  of  a  DC  charge  capacitor  in  series  with  the 
IGBT  driving  the  individual  magnetic  core.  A  prechared 
snubber  capacitor  with  fast  diode  is  used  across  the  core  to 
absorb  the  reflected  energy  from  stray  inductance  and 
capacitance  under  normal  and  fault  conditions.  A  pulse 
reset  of  the  core  is  used  to  insure  that  the  core  is  totally 
reset  before  the  next  pulse.  The  addition  of  transorbs  from 
collector  to  gate  of  the  IGBTs  absorbs  the  stray  inductive 
energy  of  the  IGBTs  and  capacitor  in  the  IGBT  during 


turn  off.  The  IGBT  and  its  driver  are  grounded.  The 
energy  storage  capacitor  is  charged  through  the 
transformer  core.  A  pulse  reset  circuit  consisting  of  four 
lower  voltage  IGBTs  resets  the  core.  Figure  3. 


We  have  tested  several  different  IGBTs  for  turn  on  and 
turn  off  characteristics.  The  EUPEC  FZ800R33KF1  is  the 
best  so  far.  It's  turn  on  and  off  times  are  consistent  with  a 
200  T)sec.  rise  time  of  the  output  pulse.  The  first  prototype 
modulator  well  consists  of  two  of  the  3.3  KV  IGBT  in 
series,  to  be  replaced  with  one  6.5  kV  IGBT  when  they 
are  available.  Figure  4. 


The  drivers  well  be  mounded  on  a  PC  Board  in  air  and 
arranged  so  that  they  can  be  plugged  into  the  transformer 
core  for  easy  replacement.  Figure  5. 


Figure  5.  PC  Board  Core  Driver  circuit 
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1.6  Simulations  &  Calculations 

Spice  simulations  were  made  on  the  induction  modulator 
driving  eight  klystron  with  a  100  cell  induction  modulator 
using  the  turn  on  and  turn  off  characteristics  of  the 
EUPEC  IGBTs.  The  resulting  waveform  had  a  small 
amount  of  overshoot  ringing.  By  delaying  turn  on  of  less 
than  20  %  of  the  cells  the  waveform  performance  can  be 
improved.  Figure  4.  The  Spice  simulations  did  not 
adequately  take  into  account  the  losses  introduced  by  the 
transformer  cores,  which  should  help  in  reducing  the 
waveform  ringing.  The  resulting  rise  time  was 
approximately  200  tisec.  The  resulting  waveform  power 
efficiency  of  better  than  89%,  which  indicates  the 
possibility  of  reaching  the  75%  efficiency  goal.  Figure  6. 


.  Figure  6.  Spice  Simulation  with  Delayed  Turn  On 


1.7  Model  of  Induction  modulator 

A  model  of  the  induction  modulator  was  fabricated  to 
study  the  performance  of  the  cores  and  IGBT’s.  It 
consisted  of  6  core  with  0.004  Volt-Second  driven  from  6 
1700  volt  IGBTs.  There  were  4  secondary  turns.  In 
addition  there  was  a  saturated  core  to  increase  the  rise 
time  and  lower  the  IGBT  losses.  Figure  7. 


Figure  7.  Model  Induction  Modulator 


The  model  demonstrated  that  the  concept  was  workable. 
The  total  reset  of  the  magnetic  cores,  allowed  for  one  ore 
more  of  the  IGBTs  to  be  not  functional  or  shorted  with 
only  a  reduction  in  the  output  voltage  in  the  overall 
performance  of  the  system.  Figure  8. 
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Figure  8.  Model  Waveform 


1.8  Induction  modulator  advantages 


There  are  several  addition  advantages  of  the  Solid  State 
induction  modulator  over  the  conventional  modulator.  All 
of  the  high  voltage  parts  are  inside  the  transformer  core 
and  not  exposed.  The  core  drivers  are  at  ground  potential 
with  only  the  IGBTs  collector  and  the  capacitor  are  at 
moderate  voltages.  The  addition  of  more  driver  cells  then 
are  required  for  the  500  kv  results  in  redundancy  so  that 
an  individual  driver  or  core  could  fault  without  effecting 
the  overall  operation  of  the  modulator.  The  pulse  duration 
is  only  determined  by  the  volt-seconds  in  the  core  so  that  a 
shorter  pulse  can  be  obtained  by  timing  for  conditioning  of 
the  klystron  or  accelerator  or  if  operated  at  a  lower  voltage 
a  longer  pulse  is  available. 

1.9  Conclusions 


From  the  modelling,  measurement  of  core,  and  IGBT  and 
calculation  it  appears  that  the  induction  modulator  is 
feasible  and  practical.  It  has  the  potential  of  high 
efficiency  and  reliability  and  low  cost.  Figure  9. _ 
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Figure  9.  Efficiency  Calculation 


The  R&D  on  a  prototype  modulator  is  underway  with  a 
collaboration  of  SLAC  and  LLNL  to  produce  a  working 
unit  by  the  end  of  FY  00. 
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FAST  SCR  THYRATRON  DRIVER* 

M.  N.  Nguyen 

Stanford  Linear  Accelerator  Center 
Stanford,  California  94309 


Abstract 

As  part  of  an  improvement  project  on  the  linear 
accelerator  at  SLAC,  it  was  necessary  to  replace  the 
original  thyratron  trigger  generator,  which  consisted  of 
two  chassis,  two  vacuum  tubes,  and  a  small  thyratron.  All 
solid-state,  fast  rise,  and  high  voltage  thyratron  drivers, 
therefore,  have  been  developed  and  built  for  the  244 
klystron  modulators.  The  rack  mounted,  single  chassis 
driver  employs  a  unique  way  to  control  and  generate 
pulses  through  the  use  of  an  asymmetric  SCR,  a  PFN,  a 
fast  pulse  transformer,  and  a  saturable  reactor.  The 
resulting  output  pulse  is  2  kV  peak  into  50  £2  load  with 
pulse  duration  of  1.5  ps  FWHM  at  180  Hz.  The  pulse 
risetime  is  less  than  40  ns  with  less  than  1  ns  jitter. 
Various  techniques  are  used  to  protect  the  SCR  from 
being  damaged  by  high  voltage  and  current  transients  due 
to  thyratron  breakdowns.  The  end-of-line  clipper  (EOLC) 
detection  circuit  is  also  integrated  into  this  chassis  to 
interrupt  the  modulator  triggering  in  the  event  a  high 
percentage  of  line  reflections  occurred. 

1  INTRODUCTION 

The  original  thyratron  driver  had  been  designed  and  used 
since  the  beginning  of  SLAC  modulator  operations  in  the 
middle  sixties.  It  could  generate  up  to  5  kV  at  1.5  ps 
pulses.  However,  it  was  large  and  heavy,  required 
frequent  intervention,  and  used  PCB  dielectric  capacitors 
and  unreliable  thyratron  and  vacuum  tubes.  In  1992,  a 


modulator  reliability  improvement  project  was  established, 
and  one  phase  was  to  replace  these  original  drivers  with 
solid-state  trigger  drivers  utilizing  modem  components 
and  packaging  techniques.  Besides  meeting  certain 
electrical  and  mechanical  requirements,  the  new  trigger 
generator  reliability  and  manufacturing  cost  were  of  major 
concerns.  Fast  and  extremely  stable  thyratron  drivers  had 
been  designed  and  built  for  the  kicker  systems  at  SLAC 
[1-2],  but  they  were  quite  expensive  because  of  high  part 
and  assembly  costs.  This  report  describes  the  design  and 
performance  of  an  economical,  reliable,  fast,  and  high 
voltage  thyratron  driver. 

2  DESIGN 

A  simplified  circuit  diagram  of  the  driver  is  shown  in 
figure  1.  The  basic  pulse  generating  circuit  consists  of  four 
essential  components.  They  include  a  pulse  transformer,  a 
PFN,  a  thyristor,  and  a  saturable  reactor. 

The  pulse  transformer  T2  was  commercially  made  by 
Stangenes  Industries.  It  has  a  turns-ratio  of  6  to  1  with  a 
primary  leakage  inductance  of  only  100  nH. 

The  PFN,  which  comprises  C2,  C3,  and  LI,  is  a  1-section 
voltage-fed  network  that  simulates  an  open-ended 
transmission  line  [3].  Its  characteristic  impedance,  Zn,  was 
designed  to  match  with  the  load  impedance  reflected 
through  the  transformer.  Lumped  parameters  were 
determined  as  follows. 


LI 


*  Work  supported  by  the  Department  of  Energy  under  contract  No.  DE-AC03-76SF005 1 5 . 
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C2  =  Cn 
C3  =  Cn / 2 
LI  =  2Ln/7i2 

where  network  capacitance  Cn  and  inductance  Ln  were 
derived  from  the  desired  50  D.  load  impedance  and  1.5  ps 
pulse  duration. 

Zn  =  Zload  /  N2 
=  50/62=  1.4Q 


voltage  power  supply.  Subsequent  pulses  of  5  ps  and  120 
ps  are  then  used  to  trigger  SCR  Q2  and  MOSFET  Ql. 
While  the  MOSFET  serves  to  turn  off  the  SCR  by 
shunting  anode  current,  it  is  also  used  as  a  switching 
element  to  regulate  the  PFN  charging  voltage  by  way  of 
error  amplifier  U2.  Figure  2  shows  waveforms  of  Ql 
switching  regulation  and  PFN  charging  voltages. 
Comparator  U1  monitors  peak  and  average  currents  of  the 
modulator  EOLC,  and  turns  off  the  power  supply  when 
these  currents  exceed  a  predetermined  value. 


Cn  =  t  /  2  Zn 

=  1.5  x  10'6  /  2  x  1.4  =  0.6  pF 
Ln  =  Cn  Zn2 

=  0.6  x  10’6  x  1.42  =  1.2  pH 

The  thyristor  Q2  is  an  asymmetric  SCR  from  Mitel  model 
ACR44.  It  is  rated  at  1200  V,  69  A  RMS,  and  was 
particularly  selected  for  its  high  di/dt  rate  of  2000  A/ps. 

The  saturable  reactor  L2  reduces  the  output  risetime  by  a 
factor  of  three.  It  has  a  volt-second  product  of  225  Vps, 
which  was  determined  from  the  capacitor  C6  charging 
voltage.  Fair-Rite  43  NiZn  material  was  used  because  of 
its  relatively  high  magnetic  flux  density  and  low  cost.  An 
off-the-shelf  ferrite  bead  P/N  2643540202  was  then 
selected  to  fit  in  the  available  space  on  the  PC  board.  The 
core  o.d.,  i.d.,  and  length  h  is  14.3  mm,  6.35  mm,  and 
13.8  mm  respectively.  From  common  transformer 
equations,  the  number  of  turns  (N),  the  current  required  at 
saturation  (Is),  and  the  saturated  inductance  (Ls)  were 
calculated  as  follows. 

N  =  Epk  ts  /  AB  Ac 
where: 

AB  =  Bs  =  0.275  T  at  Hs  =  795  A/m 
Ac  =  h  (od  -  id)  /  2  =55xl0_6m2 
le  =2xc(od  +  id)/4  =  32x  10‘3m 

N  =  225  x  10'6  /  0.275  x  55  x  10‘6  =  14  Turns 

and: 

Is  =  Hs  le  /N 
=  795  x  32  x  10'3  /  14 
=  1.8  A  =  5%  load  current 

and: 

Ls  =  p  N2  Ac  /  le 
where: 

p  =  pO  psat  =  1 .256  x  10'6  x  2  =  2.5  x  10'6  H/m 

Ls  =  2.5  x  10'6  x  142  x  55  x  Iff*  /  32  x  Iff3  =  0.85  pH 

The  following  is  brief  description  of  the  circuit  operation. 

Low-level  voltages  simultaneously  trigger  three 
retriggerable  monostables  of  1  second,  120  ps,  and  5  ps 
wide  pulses.  The  first  pulse  of  1  second,  which  is  gated 
by  U5,  switches  on  solid-state  relay  K1  for  the  high 


Fig.  2:  Typical  MOSFET  and  PFN  charging  voltages. 


When  the  AC  line  supplies  120  V  to  power  transformer 
Tl,  the  secondary  voltage  is  rectified  and  filtered  and 
shunt-regulated  to  =  640  VDC  by  BR1,  Cl,  Rl,  R2,  and 
Ql.  The  PFN  is  resistively  charged  at  the  same  time  by  the 
regulated  voltage  via  R2,  R3,  and  D2.  Once  Q2  is  turned 
on,  the  PFN  discharges  one-half  of  its  voltage  into  the 
primary  of  pulse  transformer  T2.  The  secondary  voltage  is 
then  applied  to  saturable  reactor  L2  which,  when 
saturated,  sharpens  the  output  voltage  rise.  The  resulting 
pulse  output  of  2  kV  peak  into  50  D.  resistive  load  (4  kV 
open  circuit)  at  1.4  ps  FWHM  is  shown  in  figure  3. 


-1.5kV  I - ■ - 1 - ■ - 1 - * - > - ■ - 1 - 1 - 1 

-1.232118  400n3/dlV  2.768113 

Fig.  3:  Output  voltage  waveform. 


Figure  4  shows  the  effect  of  saturable  reactor  on  output 
risetime.  A  1 -stage  pulse  sharpener  shortens  the  voltage 
rise  as  shown  from  1 19  ns  (10  -  90%)  to  36  ns.  A  second 
stage,  which  has  been  tested  with  CMD-5005  core  but  not 
been  implemented  on  this  chassis,  further  reduces  the 
risetime  to  12  ns. 

Thyratron  breakdowns  as  a  result  of  either  misadjusted 
reservoir  voltages  or  aging  thyratrons  [4]  can  generate 
destructive  transient  voltage  and  current  for  the  SCR; 
therefore,  several  SCR  protection  devices  are  necessary. 
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Fig.  4:  Voltage  rises  before  and  after  1-stage  sharpener, 
and  saturating  reactor  voltage. 

Fast  turn-on  diode  D3  and  transzorb  D4  are  used  to  limit 
the  anode  reverse  and  forward  blocking  voltages.  On  the 
output  side,  VR1,  which  consists  of  two  series  GE  metal- 
oxide  varistors  rated  180  joules  at  1.2  kV  each,  clamps 
down  transient  voltages  while  diode  D5  blocks  the 
reverse  current.  To  further  reduce  the  chance  of  an  SCR 
failure  by  a  soft  turn-on  due  to  high  ground  potentials, 
which  can  sometimes  build  up  on  the  gate  after  a  rapid  set 
of  thyratron  fire-throughs,  an  active  feedback  scheme  is 
employed.  A  portion  of  the  output  voltage  is  gated 
through  U6  with  the  120  ps  command  trigger  pulse.  A 
thyratron  arc  that  randomly  occurs  outside  this  timing 
window  would  immediately  turn  on  the  SCR  and  shut  off 
the  high  voltage  supply  for  a  period  of  1  second  before 
returning  to  normal  operation. 


at  120  Hz  with  a  sample  size  of  5000  shots.  A  typical 
result  of  jitter  distribution  is  shown  in  figure  6.  The  graph 
displays  a  peak-to-peak  jitter  of  320  ps  with  standard 
deviation  or  RMS  jitter  of  72  ps.  Throughput  delay, 
defined  as  the  timing  difference  (on  rising  edges  at  half 
maximum)  between  the  trigger  input  and  the  pulsed 
output,  is  580  ns.  A  24-hrs  run  test  at  20°C  temperature 
excursion  resulted  in  a  timing  drift  of  less  than  3  ns. 


The  mean  time  to  failure  (MTTF)  rate,  which  was 
calculated  based  on  actual  data  collected  over  several 
years,  is  195,000  hours.  More  detailed  discussions  of  the 
modulator  reliability  can  be  found  in  the  report  [5], 

4  CONCLUSION 


For  ease  of  manufacture  and  low  assembling  cost,  all 
connectors  and  electrical  components  were  mounted  on  a 
single  0.093  inches  thick  PC  board.  One  exception  was 
the  output  HN  connector  that  must  be  mounted  directly 
on  the  chassis  for  mechanical  strength.  The  driver  was 
simply  constructed  by  fitting  together  the  PC  board,  front, 
rear,  and  side  panels  of  a  standard  19  x  5.25  x  8  inches 
rackmount  chassis.  Figure  5  shows  a  photograph  of  the 
complete  trigger  generator  PC  board. 


»  B 

„ 

;  v  T-  -  • 

H 

i 

*  •  ■ 

t  & 

4**  r.'i  _  t 

? 

1 

s®  #■  ■.■■Sri'-*':-'"  « 

|f[  ®  *.  :»■ 

'  *  *  ' 

a 

. . s 

1 

Fig.  5:  Photograph  of  the  complete  driver  on  PC  board. 

3  PERFORMANCE 

Jitter  and  long-term  timing  drift  were  measured  with  SR- 
620  Universal  Time  Interval  Counter.  The  test  conducted 


New  thyratron  drivers  for  the  244  SLAC  klystron 
modulators  have  been  economically  built  and  operated 
since  1994.  In  several  years  of  operation,  these  drivers 
have  contributed  to  the  modulator  stability  and  proven  to 
be  very  reliable. 
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Damping  Ring  Kickers  for  the  Next  Linear  Collider* 

C.  Pappas,  R.  Cassel 
Stanford  Linear  Accelerator  Center 


ABSTRACT 

The  Next  Linear  Collider  (NLC)  uses  a  damping  ring  for 
the  electron  beam,  a  pre-damping  ring  and  a  main 
damping  ring  for  the  positron  beam  to  reduce  the  beam 
emittances.  The  requirements  of  the  main  damping  ring 
kickers  are  to  bend  a  2  GeV  beam  by  an  angle  of  2  mrad 
over  a  length  of  1.2  m.  This  results  in  a  required  field  of 
139  G.  The  magnet  aperture  is  30x30  mm.  The  pre¬ 
damping  ring  kicker  requirements  are  based  on  a  2  GeV 
beam  with  a  bend  angle  of  8  mrad  in  1 .2  m,  or  a  field  of 
308  G.  The  magnet  aperture  is  62x45  mm  (HxV).  A 
pulse  width  is  130  ns  with  rise  and  fall  times  of  less  than 
60  ns  is  the  same  for  both  the  pre-damping  ring  and  main 
damping  ring  kickers.  The  three  rings  operate  at  a  180  Hz 
repetition  rate1. 

The  kicker  magnets  being  developed  to  meet  these 
requirements  consist  of  two  strip  line  conductors  in  the 
vacuum  chamber,  for  the  pre-damping  ring  kickers  they 
may  be  loaded  with  ferrite,  to  give  a  matching  impedance 
of  25  Q.  The  buses  are  separated  from  magnetic  flux 
linkage  by  a  grounded  flux  excluder,  which  also  serves  as 
a  low  impedance  return  for  the  beam  current.  Both  busses 
of  the  magnet  are  driven  in  parallel  from  the  same 
modulator  and  are  grounded  at  the  end  opposite  the  feed. 
The  modulator  uses  two  IGBT  stacks  which  both  act  as 
opening  switches  in  order  to  meet  the  rise  time 
requirements. 

1.  Damping  Ring  Kicker  Magnets 

Several  types  of  magnets  were  considered  to  meet  the 
difficult  rise  time  parameters  for  the  damping  ring 
kickers.  An  air  core,  strip  line,  matched  impedance 
magnet  was  decided  upon  because  of  its  simplicity,  low 
cost,  and  it  uses  no  non-linear  materials2.  The  magnet  is 
made  from  a  slotted  pipe  which  is  housed  in  the  vacuum 
chamber.  A  metal  strip  is  brazed  onto  the  top  and  bottom 
of  the  slotted  pipe  to  prevent  magnetic  coupling  between 
the  two  busses  during  the  pulse  rise  time.  A  drawing  of 
the  magnet  is  shown  in  Figure  1.  This  magnet  was 
analyzed  with  the  electro-magnetic  field  solver 
MAXWELL.  The  impedance  of  the  magnet  was 
calculated  to  be  32  Q,  and  the  one  way  transit  time  to  be 
3.49  ns  per  meter.  A  plot  of  the  B  field  magnitude  with  a 
drive  current  of  one  ampere  is  shown  in  Figure  2. 

*Work  supported  by  Department  of  Energy  contract  DE- 
AC03-76SF515. 


Figure  1 .  Proto  type  slotted  kicker  magnet. 
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Figure  2.  Calculated  B  field  magnitude. 


A  one  meter  long,  stainless  steel  magnet  was  built  and 
tested.  An  oscillograph  of  the  magnet  current,  B  dot,  and 
the  B  field  are  shown  in  Figure  3.  It  can  be  noted  from 
this  data  that  the  current  in  the  magnet  is  constant  while 
the  B  field  rises  as  time  progresses.  After  eliminating  the 
B  dot  probe,  electric  fields,  digitization  error,  and  other 
measurements  errors,  it  was  determined  that  the  slope  of 
the  B  field  might  be  explained  by  skin  depth  effects 
caused  by  the  stainless  steel.  Because  the  resistivity  of 
stainless  is  approximately  fifty  times  greater  than  copper, 
the  steel  magnet  structure  will  allow  the  currents  to 
penetrate  further  into  the  conductors,  essentially 
increasing  the  width  of  the  slits,  and  hence  the  magnetic 
field.  The  magnetic  filed  was  recalculated  allowing  the 
currents  to  penetrate  further  into  the  magnet  busses  by 
increasing  the  permeability  of  the  conductors.  It  was 
found  that  the  magnetic  field  intensity  increased  by  a 
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factor  of  approximately  12  %  with  a  decrease  in  the 
permeability  of  the  conductors  used  in  the  calculations 
for  0.001  to  0.01.  Based  upon  these  calculations  the 
magnet  was  plated  with  10  mils  of  copper,  and  tested 
again.  The  results  of  this  testing  are  shown  in  Figure  4, 
where  it  is  clearly  seen  that  the  B  field  no  longer 
increases  during  the  pulse. 


•m.  i  . .  a  * 

Figure  3.  B  field  and  current  in  the  stainless  steel  magnet. 

Further  measurements  were  then  made  both  with  and 
without  the  shield  in  place,  and  the  results  where 
compared  with  the  calculated  values  of  the  magnetic  gain. 
The  B  dot  probe  was  rotated  1 80  “for  each  measurement 
and  the  traces  were  subtracted  to  eliminate  the  effects  of 
electric  field.  Figure  5  shows  the  magnet  current,  and 
integrated  B-l  curve  with  the  shield,  and  Figure  6  shows 
the  same  curves  without  the  shield.  The  measured  gain  of 
the  magnet  with  the  shield  is  approximately  69  mG/A, 
while  the  calculated  gain  is  approximately  71  mG/A. 
With  the  shield  removed  the  gain  is  measured  to  be 
approximately  118  mG/A,  and  the  computed  gain  is  117 
mG/A. 

The  impedance  of  the  magnet  was  then  measured  with  a 
TDR  and  compared  with  the  calculated  values.  The 
measured  impedance  with  the  shield  was  approximately 
35  £1  and  the  computed  impedance  was  32  Q.  Without 
the  shield  we  measured  the  impedance  to  be  61  Q,  and 
calculated  it  to  be  greater  than  53  G.  Initial  beam 
impedance  measurements  performed  at  Lawrence 
Berkeley  National  Laboratory  indicate  that  the  magnet 
structure  will  not  seriously  impact  beam  performance. 

2.  The  IGBT  Based  Modulator 

A  solid  state  modulator  which  uses  a  set  of  IGBTs  as  the 
switching  element  is  being  developed.  A  schematic  of  the 
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Figure  4.  B  field  and  current  of  the  copper  plated  magnet. 


Figure  5.  Magnet  current  and  integrated  field  with  shield. 

circuit  is  shown  in  Figure  7.  The  operation  of  the  circuit 
is  as  follows.  The  IGBT  stack  to  the  right  is  turned  on  to 
begin  charging  of  the  capacitors  through  the  diodes. 
When  the  capacitors  are  fully  charged  the  IGBT  stack  to 
the  left  is  turned  on,  putting  the  full  voltage  across  the 
saturable  reactor.  Just  as  the  core  of  the  reactor  saturates, 
the  IGBTs  to  the  right  are  opened,  transferring  the  current 
to  the  load.  The  pulse  is  ended  by  opening  the  IGBT 
stack  on  the  left.  This  switching  scheme  is  done  to  utilize 
the  opening  characteristics  of  the  IGBT  modules,  which 
are  faster  than  the  closing  speed.  A  model  of  the  circuit 
has  been  built  which  uses  three  Eupec  BSM-300GA- 
170DN2S,  1700  V,  IGBTs  in  each  stack.  The  circuit  has 
been  fully  tested,  and  was  used  as  the  pulser  for  the  data 
in  this  paper3.  Higher  voltage  devices  (3300  V)  have  also 
been  purchased,  and  have  been  found  to  have  better 
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switching  characteristics.  We  are  currently  waiting 
delivery  of  6500  V  devices4. 


Figure  6.  Magnet  current  and  integrated  field  without 
shield. 


Figure  7.  Schematic  of  solid  state  modulator. 


problem  with  a  ferrite  loaded  magnet,  besides  complexity 
and  cost,  is  that  some  method  would  have  to  be 
incorporated  to  make  sure  that  there  are  no  large  air  gaps 
between  the  ferrite  and  the  conductors.  The  ferrite  could 
be  put  into  the  vacuum  chamber  and  sandwiched  between 
the  conductors  and  a  sheet  of  soft  metal  such  as  indium, 
or  the  ferrite  could  be  potted  between  the  busses,  which 
would  necessitate  a  ceramic  beam  pipe.  Another  problem 
is  that  he  ferrite  would  load  the  beam,  which  would 
require  cooling  for  the  ferrite. 


Figure  8.  Magnetic  flux  lines  in  ferrite  loaded  kicker. 


4.  Conclusions 


A  slotted  pipe  kicker  magnet  is  being  developed  at  SLAC 
for  the  NLC  damping  rings,  which  does  not  appear  to 
have  any  major  problems.  It  can  be  driven  by  a  solid 
state,  IGBT  based  modulator.  The  overall  cost  and 
reliability  of  such  a  kicker  system  should  be  much  better 
than  for  a  conventional  type  of  kicker  system. 
Development  of  a  pre-damping  ring  kicker  system  has 
begun,  with  several  options  available.  Further  research  is 
required  before  a  decision  can  be  reached  as  to  which 
technology  is  preferable. 

5.  References 


3.  The  Pre-damping  Ring  Kickers. 

Work  has  begun  on  the  pre-damping  ring  kickers,  with 
several  different  types  of  magnets  under  consideration.  A 
slotted  pipe  kicker  similar  to  the  one  above,  a  similar 
magnet  which  would  be  ferrite  loaded,  and  a  traveling 
wave  C-magnet  similar  to  the  SLAC  damping  ring 
kickers5  are  being  studied.  With  the  simple  geometry 
shown  in  Figure  8,  the  magnetic  gain  and  impedance  of 
both  an  air  core,  and  ferrite  loaded  kicker  magnet  have 
been  calculated.  For  the  air  core  magnet  the  gain  is 
approximately  35  mG/A,  with  an  impedance  of  46  Q. 
This  magnet  would  therefore  require  the  IGBT  to  switch 
4400  A,  if  a  circuit  similar  to  Figure  7  were  used.  When 
the  magnet  is  loaded  with  ferrite,  the  magnetic  gain  is 
increased  to  approximately  160  mG/A,  and  the 
impedance  is  reduced  to  27  Q,  therefore  the  IGBT  current 
would  be  reduced  to  963  A.  The  field  is  also  slightly 
more  uniform  if  the  magnet  is  load  with  ferrite.  One 
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Abstract 

Two  recent  developments  enable  induction  accelerators  to 
achieve  better  and  more  consistent  performance  with 
higher  efficiency.  First,  better  and  more  consistent  perfor¬ 
mance  is  achieved  with  insulating  coatings  that  allow 
magnetic  cores  to  be  annealed  after  winding.  Second, 
losses  are  reduced  by  a  factor  of  2-3  with  nanocrystalline 
alloys,  while  the  flux  swing  is  only  slightly  reduced  to 
2.0  T  compared  with  2.3  T  with  economical  amorphous 
alloys.  One  metric  for  selecting  between  the  alloys  is  the 
cost-of-electricity,  COE.  A  systems  code  optimizes  an 
accelerator  and  compares  the  COE  for  higher  flux-swing 
amorphous  and  higher-efficiency  nanocrystalline  materials 
and  for  several  variations  in  assumptions. 

1  INTRODUCTION 

Heavy  ion  inertial  fusion  (HIF)  has  attractive  prospects  for 
generating  electrical  power  at  reasonable  cost,  with  high 
availability,  safety,  and  low  activation. [1,2]  These  advan¬ 
tages  are,  in  large  part,  due  to  the  use  of  thick  liquid  walls 
of  Flibe,  a  lithium-containing,  low-activation  molten 
salt.  [2]  The  liquid  walls  shield  the  vacuum  chamber  solid 
walls  from  neutrons  and  gamma  rays  and  also  generate 
tritium  in  a  continuously  replaced  blanket  that  eliminates 
the  need  to  shutdown  for  blanket  replacement,  thereby 
providing  high  availability. 

Induction  accelerators  have  been  selected  by  the  U.S. 
HIF  program  because  their  high  current  and  high  power 
capability  eliminates  the  need  for  one  or  more  storage 
rings  to  accumulate,  then  rapidly  extract  the  ion  beams. 
Acceleration  occurs  from  pulsing  a  voltage  across  the 
primary  winding  of  a  magnetic  core,  which  then  couples 
through  an  insulating  vacuum  barrier  to  induce  a  voltage 
along  the  beam.  By  timing  the  pulsers  to  reach  full 
amplitude  as  the  beam  arrives,  the  ion  beam  experiences  a 
succession  of  D.C.  accelerating  fields. 

Induction  cores  and  pulsers  form  one  of  the  major  cost 
areas[3]  for  HIF:  to  achieve  GeV  range  ion  energies  and 
several  MJ  beam  energy  per  pulse  requires  of  the  order  of 
1()7  kg  of  magnetic  alloy  tape.  The  coupling  of  the  cores 
to  the  beams  is  determined  by  Faraday's  Law,  which  for 
our  purposes  is  conveniently  expressed  as 

Vc  At  =  AAB 


*Woik  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy  under  contract  No.  W-7405-ENG-48  (LLNL)  and  DE-AC03- 
76F00098  (LBNL). 
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where  Vc  is  the  voltage  induced  across  an  insulated  gap  for 
a  time  At,  by  a  core  with  a  cross-sectional  area  (equivalent 
solid  metal  area)  A,  and  a  magnetic  flux  swing  AB. 

Short  pulse  performance  is  strongly  degraded  by 
interlaminar  eddy  currents,  unless  interlaminar  insulation 
is  provided.  By  applying  Faraday's  law  to  a  single 
lamination  (15-25  pm  thick  and  0.025-0.2  m  wide)  with  a 
flux  swing  of  AB=2.3  T  for  durations  between  -0.2  ps  and 

20  ps,  we  find  the  average  interlaminar  voltage  can  reach 
-60  V.  The  difficulty  of  insulating  cores  is  increased  by 
the  necessity  of  magnetic  annealing  (at  300-550°  C  in 
~80A-turns/m  magnetic  field  parallel  to  the  laminations 
and  perpendicular  to  the  core  axis)  in  order  to  maximize 
AB  and  minimize  the  core  losses.  The  insulation  must  not 
only  withstand  the  temperature  but  must  not  apply 
significant  mechanical  stress  to  the  alloy  during  cool¬ 
down,  or  the  performance  will  be  degraded. 

We  have  used  mica-paper  insulation,  co-wound  with 
METGLAS  2605SC,[4]  and  proprietary  inorganic  insu¬ 
lating  coatings  supplied  by  core  manufacturers  in  the  tests 
described  here.  After  surveying  a  variety  of  alloys, [5]  we 
selected  two  distinct  types  to  examine  with  a  driver  and 
power  plant  systems  code.[3]  The  alloys  are  2605SC  from 
Allied  Signal,  selected  for  a  larger  usable  flux  swing  of 
2.3  T  and  moderately  low  losses,  and  the  nanocrystalline 
alloy  Finemet  FT-1H  from  Hitachi  (VITROPERM  800F 
from  VACUUMSCHMELZE  is  similar),  selected  for  a 
moderate  flux  swing  of  2.0  T  and  very  low  losses,  as 
shown  in  Fig.  1  and  listed  in  Table  1.  Core  losses  account 
for  most  of  the  pulsed  energy  losses  in  an  induction  linac, 
so  minimizing  the  core  loss  decreases  the  capital  costs  of 


Figure  1:  Loss  data  (plus)  and  fits  for  2605SC  amorphous 
(solid  line)  and  FT-1H  nanocrystalline  (dashed  line)  cores. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Table  1:  Loss  coefficients  and  loss  in  J/m3  for  two  pulse 
durations  0.42  and  1.0  (is. 


Alloy 

Loss  coef. 

Loss(0. 

42,1.0) 

2605SC 

81,  193,  119 

1044, 

577 

+bias 

89,  213,  132 

1433, 

782 

FT-1H 

51,  -49,  200 

565, 

241 

+  bias 

55,  -54,  220 

855, 

363 

pulsers  and  increases  the  accelerator  efficiency.  Core 
losses  are  fit  by  [6] 


where  B  is  in  Tesla,  dB/dt  is  in  T/(ls,  and  the  coefficients 
are  listed  in  Table  1. 

We  use  $5/kg  as  a  cost  goal  for  assembled  cores  of 
2605SC.  Based  on  estimated  niobium  costs  of  ~$30/kg, 
the  3%  Nb  in  nanocrystalline  materials  would  add  ~$l/kg 
to  the  cost,  so  we  assume  $6/kg  for  assembled 
nanocrystalline  cores. 

2  ACCELERATOR  SYSTEMS  STUDY 

The  accelerator  design  parameters  are  chosen  to  satisfy 
constraints  imposed  by  the  fusion  target  design.  For  this 
paper,  we  design  to  a  close-coupled  target[7]  which 
minimizes  accelerator  costs  by  requiring  less  beam  energy 
(3.3  MJ)  to  deliver  a  yield  of  430  MJ  vs.  5.9  MJ  to 
deliver  a  yield  of  -400  MJ  with  a  previous  distributed 
radiator  design.[8]  The  disadvantage  of  using  the  close 
coupled  target  is  that  each  elliptical  beamlet  must  be 
focused  to  an  area  with  an  equivalent  circular  spot  radius 
of  1.7  mm,  as  compared  with  2.7  mm  for  the  distributed 
radiator  target.  The  close-coupled  target  calculation  used  a 
lead  ion  beam,  but  the  systems  code  finds  lower  costs 
with  lower  mass  ions. 

Systems  studies  have  shown  that  lower  M/Q  ions  with 
their  lower  ion  energy  will  shorten  the  accelerator  and 
reduce  costs.[9]  The  target  performance  is  essentially 
invariant  to  the  beam-ion  mass,  if  the  ion  energy  is 
adjusted  to  keep  the  range  (stopping  distance)  constant, 
and  the  pulse  duration  and  beam  energy  (MJ)  remain  the 
same.  The  optimum  is  below  M/Q=50,  but  the  higher 
beam  current  requires  better  space-charge  neutralization!  10] 
in  order  to  focus  the  beam  to  the  1.7  mm  spot  radius 

required  on  target.  Kr+  was  chosen  as  a  compromise:  it  is 
near  the  minimum  cost  for  present  concepts  of  induction 
linacs,  without  requiring  the  maximum  neutralization. 

The  target  requirements  are  met  with  a  1 .3  GeV  Kr+  main 
pulse  ion  beam  to  deliver  2.8  MJ  in  8  ns  and  a  0.85  GeV 
Kr+  prepulse  ion  beam  to  deliver  0.5  MJ  in  30  ns.  A 
lower  ion  mass  could  further  reduce  the  costs  by  -20%. 

The  accelerator  architecture  is  simplified  by 
transitioning  to  magnetic  quadrupole  focusing  at  a  low 
energy  of  1 .6  MeV,  and  omitting  beam  combining. 

Several  optimizations  by  the  systems  code  for  2605SC 
are  shown  in  Fig.  2,  where  the  cost  multiplier  is  plotted 


vs.  the  reference  value  multiplier.  The  nominal  energy  at 
which  the  beam  radius  becomes  fixed  at  0.01  m,  rather 
than  continuing  to  decrease  with  energy,  is  500  MeV. 
Allowing  the  radius  to  decrease  further  reduces  costs  by 
decreasing  the  core  volume  at  fixed  area,  but  magnetic 
quadrupole  construction  and  beam  alignment  become  more 
difficult.  Even  the  minimum  radius  of  0.01  m,  assumed 
here,  is  quite  challenging.  Increasing  the  number  of  beams 
to  beyond  140  (30  in  the  prepulse  and  110  in  the  main 
beam)  does  not  decrease  costs  because  not  only  is  the 
minimum  beam  radius  fixed,  but  the  beam-to-wall 
distance,  and  the  thickness  of  cryo-insulation  are  also 
fixed.  The  cost  vs.  initial  pulse  duration  apparently 
optimizes  near  24  (is,  but  beyond  20  (is,  the  spot  size  on 
target  exceeds  the  required  1.7  mm,  so  20  jus  is  the  usable 
optimum.  (The  beam  duration  is  reduced  to  200  ns  as 
rapidly  as  possible  after  injection.  It  then  remains  constant 
for  the  rest  of  the  accelerator,  where  the  core  pulse 
duration  has  a  minimum  of  420  ns.)  Finally,  increasing 
the  quadrupole  magnetic  field  decreases  the  core  inner  radii, 
until  the  superconducting  cable  thickness  builds  up  faster 
than  the  beamlet  radius  decreases. 

The  current  per  beamlet  of  the  prepulse  (main  pulse)  is 
1 .0  A  at  the  injector,  96  (97)  at  the  end  of  the  accelerator, 
and  650  (2450)  at  the  target.  The  prepulse  beam  is 
separated  from  the  main  pulse  beams  at  0.85  GeV.  The 
main  pulse  beams  are  then  accelerated  further  to  1.30 
GeV.  A  velocity  tilt  is  applied  to  the  beams  near  the  aid 
of  the  accelerator  to  compress  them  to  30  (8)  ns  over  a 
drift  compression  distance  of  a  few  hundred  meters.  During 
drift  compression,  the  beams  are  also  split  into  2  groups 
that  impinge  on  the  target  from  opposite  directions. 

The  core  geometry  is  optimized,  subject  to  constraints 
on  the  axial  voltage  gradient.  The  core  costs  scale  with  the 
core  mass  or  metal  volume  V,  which  is  given  by 

V  =  n  epFL  AR  (2Rj  +  AR) 

where  epp  is  the  packing  fraction,  L  is  the  length,  Rj  the 
inner  radius,  and  AR  the  radial  build  up.  Since  the  cross- 
sectional  area  A  =  epp  L  AR  must  satisfy  Faraday’s  Law, 
the  acceleration  voltage  Vc  from  a  core  is 

Vc  =  (epp  L  AR)  AB/At 
The  core  efficiency  T|c  in  terms  of  core  loss  is 

Be  =  (I  Vc  At)/(I  Vc  At  +  Loss(AB.At)  V) 

=  (I  AB)  /  (I  AB  +  Loss  7t  (2Rj  +  AR), 

so  high  beam  current  and  low  losses  increase  efficiency. 
The  pulser  efficiency  r|p  is  taken  as  75%  or  50%. 

Our  results,  comparing  2605SC  with  nanocrystalline 
materials,  are  shown  in  Table  2.  We  find  that,  as  expected 
for  its  higher  flux  swing,  2605SC  requires  less  mass  of 
cores,  and  has  lower  direct  costs;  whereas  nanocrystalline 
materials  have  lower  losses  for  higher  efficiency  and 
reduced  circulating  power  in  the  driver.  These  effects 
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Energy  for  fixed  beam  radius  (500  MeV) 

Number  of  beams  (140) 

~fcl"  Initial  pulse  duration  (20  microsec) 

Quad  field  (3.5  T)  at  winding 

Figure  2:  Accelerator  optimizations 

partially  cancel,  leaving  2605SC  with  a  lower  cost-of- 
electricity,  COE,  by  3.3%.  Increasing  the  flux  swing 
slightly  by  back-biasing  the  cores  reduces  the  COE  for 
2605SC  by  0.4%,  and  for  FT-1H  by  1.1%,  resulting  in 
2605SC  still  2.6%  lower.  The  COE,  quoted  in  Table  2, 
are  relatively  low  for  a  1  GWe  fusion  plant.  Economies  of 
scale  reduce  the  COE  to  3.4  cents/kWh  for  a  2  GWe  plant. 
These  are  competitive  with  other  sources  of  power  except 
natural  gas  without  carbon  sequestration. 

Three  design  choices  lead  to  the  low  costs  with  an 
increase  in  the  technical  risk:  (1)  The  low-mass  ion  Kr+ 
requires  a  lower  energy,  higher  current  accelerator,  only 
1000  m  long;  but  requires  99%  beam  neutralization  at 
final  focus.  (2)  The  close-coupled  target  has  lower  beam 
energy  requirements,  but  a  demandingly  small  focus  radius 
of  1.7  mm  and  tighter  tolerances  on  beam-target  aiming. 
Focus  and  neutralization  are  costed  at  $8  M.[3]  Target 
injection  experiments  to  date  show  an  ability  to  determine 
target  position  in  the  target  chamber  to  within  0.22 
mm.[ll]  (3)  The  beam  radius  is  only  0.01  m  in  the 
accelerator.  The  minimum  beam  radius  is  determined  by 
alignment  accuracy,  cryo-insulation  thickness,  quadrupole 
magnet  design  (typically  0.05  m  radius),  and  other  issues. 

The  direct  costs  for  the  driver  are  $600  M,  compared 

with  $1400  M  for  a  5.9  MJ  Pb+  accelerator. [3]  This 
shows  the  high  cost-leverage  of  developing  effective 
beam-neutralization  techniques  combined  with  a  precise 
final  focus  and  target  injection  and  steering  techniques. 

The  sensitivity  of  the  COE  to  our  assumptions  about 
the  core  and  pulser  parameters  is  listed  in  Table  3.  Engi¬ 
neering  studies,  by  industry,  of  thyratrons  and  capacitors 
concluded  that  redesign  for  quantity  production  could 
reduce  costs  by  factors  of  several.  Pulser  costs  then  drop 
from  $10/J  [3]  to  $2/J,  both  values  are  listed  in  Table  3. 
With  these  changes,  the  pulsed  power  accounted  for  only 


Table  2:  Systems  code  results,  second  value  is  for  back- 
biased  core.  _  _  _ 


2605SC 

FT-1H 

Flux  swing,  Tesla 

2.3,  2.43 

2.0,  2.15 

Core  mass  106kg 

15.5,  14.4 

18.5,  16.9 

Ave.  core  eff.,  % 

50.4,  47.9 

57.5,  54.4 

Accelerator  direct 
costs,  $M 

612,  602 

669,  650 

COE,  cents/kWh 

4.55,  4.53 

4.70,  4.65 

Table  3:  Sensitivity  of  COE  (Cents/kWh)  to  core  alloy, 
pulsed  power  efficiency  i)p  and  cost  C,  and  back-biasing  . 


COE 

%  Change 

Base  case  2605SC,  t)p=75%,  C=$2/J 

4.55 

0.0 

Lower  pulser.efficiency,  T|p  =50% 

4.62 

+1.5 

Higher  pulser  cost,  C=$10/J 

4.79 

+5.3 

Both,  rip  =50%,  C=$10/J 

4.99 

+9.7 

Base  case,  back-biased  2605SC 

4.53 

-0.4 

Use  Finemet  FT-1H  @$6/kg 

4.70 

+3.3 

Use  FT-1H  with  qp  =50%  and 
C=$10/J 

5.08 

+11.6 

Finemet  FT- 1H  @  $5/kg 

4.62 

+1.5 

Back-bias  FT- 1H  @$5/kg 

4.58 

+0.7 

12%  of  the  costs  in  the  magnetic  focus  portion  of  the 
accelerator,  down  from  40%  in  earlier  studies.[3] 

Core  efficiency  becomes  more  important  with  more 
expensive  and  lower  efficiency  pulsers,  as  shown  in  Table 
3.  The  lower  flux  swing  of  the  nanocrystalline  material  is 
as  important  as  its  higher  price  in  increasing  the  COE:  at 
core  costs  of  $5/kg,  the  COE  still  increases  by  1.5%. 
Back-biasing  either  material  results  in  a  slight  decrease  in 
the  COE,  assuming  that  the  pulser  cost  increase  is  only 
due  to  increased  energy  storage.  Because  the  COE 
difference  is  small  between  amorphous  and  nanocrystalline 
materials,  and  because  their  magnetic  performance  and 
impedance  variations  are  distinctly  different,  these  other 
characteristics  may  also  play  a  significant  role  in  the 
selection  decision. 
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Abstract 

Particle  accelerators  usually  require  high  voltage  and  high 
power.  Typically,  the  high  voltage/power  generation 
utilizes  a  topology  with  an  energy  store  and  switching 
mechanisms  to  extract  that  stored  energy.  The  switches 
may  be  active  or  passive  devices.  Active  switches  are 
hard  or  soft  vacuum  tubes,  or  semiconductors.  When 
required  voltages  exceed  tens  of  kilovolts,  numerous 
semiconductors  are  stacked  to  withstand  that  potential. 
Such  topologies  can  use  large  quantities  of  crucial  parts 
that,  when  in  series,  compromise  a  system’s  reliability  and 
performance.  This  paper  describes  the  design  of  a  linear, 
solid  state  amplifier  that  uses  a  parallel  array  of 
semiconductors,  coupled  with  unique  transmission  line 
transformers.  This  system  can  provide  output  signals  with 
voltages  exceeding  10  kV  (into  50-ohms),  and  with  rise 
and  fall  times  (10-90  percent  amplitude)  that  are  less  than 
10-ns.  This  solid  state  amplifier  is  compact,  modular,  and 
has  both  hot-swap  and  soft-fail  capabilities. 

1  INTRODUCTION 

Development  of  the  High  Power  Linear  Solid  State  Pulser 
(HPLSSP)  is  a  continuation  of  kicker  modulator  work  at 
Livermore,  CA.  The  present  hybrid  solid  state  and  planar 
triode  kicker  modulator  [1]  is  being  upgraded;  the  solid 
state  complimentary  stage  hybrid  microcircuit  (HMC)  will 
replace  the  first  stage  (YU- 176  planar  triodes)  that  drives 
the  grids  of  the  Y-820  output  tubes. 

Recent  advances  in  high  power  impedance  “matchers” 
[2],  [7]  (Transmission  Line  Transformers  or  TLTs) 


Figure  1:  Simplified  HPLSSP  system  block  diagram 


encouraged  us  to  develop  an  all,  solid  state,  linear  pulser. 
This  pulser  uses  Coplanar  Kelvin  leaded  MOSFETs  [3]  in 
an  open  loop,  delayed  feedback  architecture,  and  relies 
upon  distortion  compensation  [4]  to  assure  an  acceptable 
output.  Figure  1  is  a  simplified  block  diagram  of  that 
system.  All  of  the  signal  paths  from  the  84X  splitter  to  the 
50-ohm  load  are  in  transmission  line  configurations. 

2  SYSTEM  RELIABILITY 

Key  to  the  success  of  any  system  is  reliability;  reliability  is 
dependent  upon  operating  time  and  failure  rate.  Failure 
rate  is  related  to  the  number  of  crucial  parts  that  must 
function  in  order  for  the  system  to  perform  its  mission. 
For  applications  (such  as  beam  splitting)  in  large  scientific 
machines,  down  time  translates  into  wasted  expenditures. 
Reliability  can  be  enhanced  by  1)  Pre-screening 
components.  2)  Pre-testing  components  and  modules,  3) 
Reducing  the  quantity  of  critical  serial  parts,  4)  Designing 
redundancy  into  the  operating  system,  and  5)  Using 
passive  components  when  possible. 

A  parallel,  modular  system  with  passive  voltage 
multiplying  TLTs  is  especially  attractive  for  highly 
reliable  systems.  Such  a  system’s  reliability  or  probability 
of  success  can  be  expressed  mathematically  [5]  as: 

PN  =1-(1-P0)N 

Where:  Pn  =  Success  Probability  of  N  parallel  systems. 

P0  =  Success  Probability  for  one  system. 

N  =  Number  of  parallel  systems. 

The  current  HPLSSP  system  has  a  20%  redundancy. 
There  are  six  parallel  channels  in  each  module  (five  active 
and  one  backup)  and  14  modules  (12  active  modules)  in 
this  system.  This  topology,  however,  will  adapt  to  any 
number  of  parallel  modules/systems,  limited  only  by  time 
and  cost  constraints. 

Should  one  of  a  module’s  active  five  channels  fail,  the 
system  computer  will  inhibit  the  defective  channel, 
activate  that  module’s  backup  channel  through  an 
impedance-matched  switch,  SW1.  If  a  second  channel 
fails  in  that  same  module,  the  computer  will  power  down 
the  entire  module  and  disconnect  it  from  the  system  (by 
v. disengaging  its  transmission  line  edge  connector).  One  of 
the  system’s  two  redundant  modules  will  then  be  put  into 
service  (see  Figure  1).  With  each  configuration  change 
due  to  component/module  failure,  new  predetermined 
distortion  compensating  information  is  downloaded  to  the 
computer  to  compensate  for  any  differences  between  the 
failed  and  the  backup  components/modules.  This  modular 
system  will  tolerate  failures  in  any  two  of  its  twelve 
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modules  without  service  interruptions.  The  system  also 
has  hot  swapping  capabilities  for  servicing  and 
maintenance. 

Compactness  and  weight  advantages  of  the  HPLSSP 
make  it  attractive  for  airborne  and  space  applications. 
These  advantages  are  possible  because  of  parallel-ground 
referenced  modules,  open  loop  architecture  and  high  ratio 
impedance  TLTs  that  use  less  magnetic  material  than 
conventional  TLTs.  See  section  4  for  TLT  descriptions. 

3  SOLID  STATE  MODULE 


A  simplified  block  diagram  of  the  solid  state  module  is 
shown  in  Figure  2.  It  has  three  stages;  1)  An  Operational 
Trans-conductance  Amplifier  (OTA),  2)  A  TLT,  and  3) 
The  MOSFET  pair. 


Figure  2:  Solid  State  Module  simplified  circuit. 


Within  the  OTA  stage  is  a  voltage-to-current  (V/I) 
converter,  video  amplifier,  two  bipolar  transistors  and  a 
high  bandpass  RF  transistor.  A  current  source  is 
necessary  because  of  the  large  dynamic  changes  to  the 
video  amplifier’s  input  impedance  during  its  operation. 
The  V/I  converter  can  supply  ±75  ma.  The  OTA’s  video 
amplifier  is  biased  from  the  dc  rails  (to  avoid  signal  sat¬ 
uration)  and  has  a  fixed  voltage  gain  of  about  20.  Its 
output  signal  swings  from  5  to  75  volts.  The  ac  coupled 
final  stages  of  the  OTA  (the  complimentary  pair  and  R.F. 
transistor)  are  all  in  emitter-follower  configurations.  Their 
rise  and  fall  times  (10-90%)  are  less  than  3-ns.  The 
maximum  linear  output  from  the  OTA  is  about  2.4-amps 
into  25-ohms. 

RF  techniques  are  used  in  the  PC  board’s  layout  and  in 
its  construction.  The  output  of  the  OTA’s  is  through  two 
edge-launched,  50-ohm  connectors  whose  center 
conductor  merge  to  provide  a  25-ohm  input  to  TLT1.  The 
OTA  stage  is  driven  by  a  500-mV  signal  from  the 
system’s  84-way  splitter.  Figure  3  depicts  the  display  of  a 

TLT1  has  a  16:1 
impedance  ratio  (25- 
ohms  input,  1 .6- 
ohms  output).  See 
section  4  for  more 
details  on  TLT1. 
The  low  impedance 
from  TLT1  is  used 
to  charge  and 
discharge  the  gate 
capacitance  of  two 
parallel  MOSFETs 


typical  output  signal  from  the  OTA. 


Figure  3:  OTA  Signal  Output 


(from  Directed  Energy,  Inc).  This  particular  MOSFET  is 
chosen  specifically  because  of  its  physical  and  thermal 
attributes  that  are  conducive  to  high  speed  and  power 
applications  [3],  The  MOSFET  parallel  combination  will 
deliver  over  400-volts  into  a  3.2-ohm  load.  The  MOSFET 
footprint  (excluding  leads)  is  1.80-cm  x  2.54-cm. 

The  MOSFET  op¬ 
erates  at  less  than 
450-volts  (it  is  a  500- 
volt  device).  A  4.27- 
pF  signal  coupling 
capacitor  isolates  the 
450-volts  from  all 
components  down¬ 
stream  of  the  MOS¬ 
FET.  Figure  4  is  a 
photograph  of  the  test 
setup  used  to  dup- 
Figure  4:  Single  channel  setup  of  licate  one  of  the 
Solid  State  Module  Solid  State  Module’s 

five  active  channels. 
The  TLT  for  this  experiment  is  oversized,  but  the  output 
impedance  is  the  same  as  that  of  TLT1.  Figure  5 

- 1  .  .  .  .  graphically  depicts 

o-— - the  signal  output 

/  from  that  simulated 

,oo  j  channel.  The  data 

1  .200 _ l _  were  acquired  by 

1  driving  the  gates  of 

^ - - j -  the  MosFET  pair 

.400 _ ' -  ,  _  to  about  15-volts 

- - |I - — —  with  a  series,  0.5- 

0  60  100  150  . 

TIME  (ns)  0hm  8ate  reS1St0r 

- — -  while  having  a  450- 

Figure  5:  Single  channel  output  of  volt  drain  voltage, 
Solid  State  Module  and  a  3.2-ohm  load. 

The  signal’s  fall 
time  is  about  five  nanoseconds.  This  test  clearly 
demonstrates  the  Solid  State  Module’s  ability  to  deliver  an 
acceptable  input  to  TLT2. 


TIME  (ns) 


4  NEW  TLTS 


The  TLTs  described  in  this  paper  differ  significantly  from 
traditional  TLTs  [6]  by  combining  both  strip  and  semi¬ 
rigid  transmission  cables  so  that  signal  propagation  is 
uninterrupted  by  segmented,  coaxial  connectors  or  lines. 
Moreover,  not  all  of  the  new  TLT’s  transmission  lines 
need  magnetic  cores.  These  improved  TLTs  can  have 
impedance  ratios  as  high  as  250:1  with  sub-nanosecond 
response  even  at  relatively  high  power  levels.  They  use 
balanced  windings  of  both  strip  and  semi-rigid  coaxial 
transmission  lines  on  cores  of  Mn-Zn  ferrite.  Figure  6 
shows  the  general  winding  diagrams  of  TLT1,  TLT2  and 
TLT3.  The  winding  turns,  T,  are  relative  opposed  to 
absolute  numbers.  The  core’s  physical  dimensions  are 
2.54  x  3.18  x  0.64  cm.  for  TLT1  and  6.45  x  8.08  x  2.40 
cm  for  both  TLT2  and  TLT3. 
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Figure  6:Diagrams  of  TLT1,  TLT2  &  TLT3 

TLT1  provides  a  1.56-ohm  drive  from  the  OTA.  This 
low  impedance  allows  a  rapid  charge  and  discharge  of  the 
FET  gate  capacitance  (includes  the  Miller  effect).  Rise 
and  fall  times  of  TLT1  are  less  than  600-ps,  i.e.  TLT1  has 
only  minor  effects  on  the  system’s  overall  bandpass.  This 
is  also  true  for  TLT2  and  TLT3. 

TLT2  increases  the  400-volt  signal  from  the  FET  to 
about  1.6  kV.  TLT2’s  input  and  output  characteristic 

respectively.  A  TLT 
imped-ance  ratio,  was 
eval-uated  relative  to 
signal  droop  caused 
by  core  non-linearity 
and/or  saturation. 
Figure  7  (input)  and 
Figure  8  (output) 
show  the  experiment¬ 
al  results.  Note  that 
this  particular  TLT 
inverts  the  input 
signal.  Without  core 
biasing,  its  output 
signal  follows  the 
input  signal  for  almost 
800-ns  before  core 
effects  become  evi¬ 
dent. 

TLT3  steps  up  the 
1.6  kV  signal  output 
from  TLT2  to  about 
6.4  kV.  This  signal 
amplification  is 
possible  because  of 
the  TLT’s  characteristic  impedance  change  from  an  input 
of  1.6-ohms  to  a  25-ohms  output. 

A  cable  multiplier  sums  the  two  TLT3  output  signals 
into  50-Ohms  resulting  in  a  final  output  of  about  12  kV. 

5  COMPUTER  CONTROL 

The  front  end  of  the  Solid  State  Module  needs  optimizing 
to  bring  the  temporal  behavior  of  its  signal  into  acceptable 
parameters  -  to  “linearize”  the  signal.  We  implement 
defined,  pre-distortion  to  the  input  signal  to  obtain  sharp 
rise  and  fall  times  of  the  solid-state  module’s  output 
signal.  A  similar  algorithm  [1],  [4]  is  used  to  linearize  the 


main  amplifier.  The  parameters  for  these  algorithms  are 
predetermined  and  stored  for  access  by  the  HPLSSP’s 
computer.  Whenever  the  HPLSSP  is  operated,  the  main 
input  signal  controlling  the  arbitrary  waveform  generator 
is  initiated  only  after  the  correct  parameters  are  accessed 
for  the  solid  state  modules,  and  the  overall  system. 

The  same  computer  that  provides  predetermined  input 
distortions  to  the  input  signals  of  the  HPLSSP  will  also 
repeatedly  check  for  the  operational  integrity  of  the  Solid 
State  Modules.  Shown  in  the  block  diagram  of  Figure  1 
(of  section  1)  is  a  fault  sensor  network  for  each  module  of 
the  HPLSSP.  As  describe  in  section  2,  if  components  or 
modules  malfunction  within  the  system,  the  computer  will 
sense  the  problem  and  replace  the  faulty  components  or 
modules  with  their  spares  through  electrical  inhibitors  and 
actuators. 

6  SUMMARY 

We  have  presented  the  description  and  supporting  data  for 
an  ultra  reliable,  computer-controlled,  HPLSSP.  With 
proper  linearization  the  HPLSSP  performs  as  a  high 
powered  (10-kV,  200-amp),  fast  rise  and  fall  time  (<10- 
ns)  arbitrary  waveform  generator  with  the  following 
features: 

1)  A  ground  referenced,  low  voltage,  parallel 
component,  modular  system 

2)  A  low  cost,  easily  fabricated/maintained  system  using 
state-of-art  components. 

3)  A  passive,  high  bandpass  (sub-nanosecond  rise  time), 
V/I  multiplying  TLT  design. 

4)  A  graceful  degrading  system  with  low  component 
count. 

5)  An  open  loop,  computer  controlled  pulser. 
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Abstract 

Two  LHC  injection  kicker  magnet  systems  must  produce 
a  kick  of  1.3  T.m  each  with  a  flattop  duration  of  4.25  (is 
or  6.5  (is,  a  rise  time  of  900  ns,  and  a  fall  time  of  3  (is. 
The  ripple  in  the  field  must  be  less  than  ±0.5%.  The 
electrical  circuit  of  the  complete  system  has  been 
simulated  with  PSpice[3],  The  model  includes  a  66  kV 
resonant  charging  power  supply  (RCPS),  a  5  £2  pulse 
forming  network  (PFN),  a  terminated  5  £2  kicker  magnet, 
and  all  known  parasitic  quantities.  Component  selection 
for  the  PFN  was  made  on  the  basis  of  models  in  which  a 
theoretical  field  ripple  of  less  than  ±0.1%  was  attained.  A 
prototype  66  kV  RCPS  [1,6]  was  built  at  TRIUMF  and 
shipped  to  CERN.  A  prototype  5  £2  system  including  a 
PFN[2],  thyratron  switches,  and  terminating  resistors,  was 
built  at  CERN.  The  system  (without  a  kicker  magnet)  was 
assembled  as  designed  without  trimming  of  any  PFN 
component  values.  The  PFN  was  charged  to  60  kV  via  the 
RCPS  operating  at  0.1  Hz.  The  thyratron  timing  was 
adjusted  to  provide  a  30  kV,  5.5  (is  duration  pulse  on  a 
5  £2  terminating  resistor.  Measurement  data  is  presented 
for  the  prototype  PFN,  connected  to  resistive  terminators. 
A  procedure  has  been  developed  for  compensating  the 
probe  and  oscilloscope  amplifier  calibration  errors.  The 
top  of  the  30  kV  pulse  is  flat  to  ±0.3%  after  an  initial 
oscillation  of  600  ns  total  duration.  The  post-pulse  period 
is  flat  to  within  ±0.1%  after  approximately  600  ns  from 
the  bottom  of  the  falling  edge  of  the  pulse.  A  calculation 
was  performed  in  which  a  measured  27.5  kV  pulse  with  a 
5.5  (is  flattop  was  fed  into  a  PSpice  model  of  a  kicker 
magnet  with  a  690  ns  delay  length.  The  resultant 
predicted  kick  rise  time,  from  0.2%  to  99.8%,  is  834  ns 
and  the  fall  time  2.94  ps,  for  a  field  pulse  with  a  flattop  of 
4.69  ps  and  a  ripple  of  less  than  ±0.2%. 

1  INTRODUCTION 

The  European  Laboratory  for  Particle  Physics  (CERN)  is 
designing  a  Large  Hadron  Collider  (LHC)  to  be  installed 
in  an  existing  27  km  circumference  tunnel.  The  LHC  will 
be  equipped  with  Injection  Kicker  Systems,  devices  for 
providing  a  fast  deflection  of  the  incoming  particle  beams 
onto  the  accelerator’s  circular  trajectory.  Two  pulsed 
systems,  of  4  magnets  and  4  PFN’s  each,  are  required  for 
injection.  The  injection  sequence,  during  normal 
operation,  consists  of  12  pulses  with  a  period  of  16.8  s. 

* 

Email:  wait@triumf.ca 


Fig.  1  shows  a  schematic  of  the  prototype  LHC  injection 
kicker  system.  The  5  £2  PFN  consists  of  two  lumped 
element  delay  lines,  each  of  10  £2  impedance,  connected 
in  parallel.  There  are  two  thyratron  switches  connected  to 
the  PFN,  referred  to  as  a  main  switch  (MS)  and  a  dump 
switch  (DS).  Each  10  £2  PFN  consists  of  23  seven-turn 
cells,  a  five-turn  cell  at  the  DS  end,  and  a  nine-turn  cell  at 
the  MS  end.  A  cell  consists  of  a  series  inductor,  a 
damping  resistor  connected  in  parallel,  and  a  capacitor 
connected  to  ground.  Each  capacitor  is  mounted  in  a 
coaxial  housing  to  minimise  parasitic  inductance.  The 
prototype  PFN  capacitors  are  selected  in  pairs  from  a 
batch  of  capacitors  with  ±5%  tolerance  to  provide  an 
effective  tolerance  of  ±0.5%  for  each  pair  [2].  Each 
capacitor  per  pair  is  mounted  in  the  same  corresponding 
cell  of  the  parallel  lumped  element  delay  lines.  The 
capacitance  values  are  graded  linearly  from  the  MS  to  the 
DS  with  a  gradient  of  +0.09%  per  cell  [7].  Two,  3.85  m 
long,  175  turn  coils  are  mounted  on  rigid  fibreglass  coil 
formers:  The  total  inductance  variation  per  pair  of  7  turn 
coils  over  the  length  of  the  coils  is  3%. 
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Figure  1 :  Prototype  LHC  injection  kicker  system. 


Fig.  1 .  of  reference  [6]  shows  a  simplified  schematic  of 
the  prototype  RCPS.  The  prototype  RCPS  consists  of  a 
2.6  mF  storage  capacitor  bank  (Cstorage)  charged  up  to 
2.8  kV.  A  GTO  [5]  was  used  to  switch  the  energy  on  the 
storage  capacitor  bank  onto  the  primary  of  a  1 :23  step-up 
transformer  of  low  leakage  inductance.  The  output  of  the 
secondary  is  connected  to  each  of  two  loads  through  a 
cable,  a  70  Q  resistor  and  a  diode  stack.  Each  5  £2  PFN 
can  be  considered  as  a  0.96  (iF  capacitor  during  the  charge 
cycle,  which  will  later  be  discharged  through  a  kicker 
magnet  using  thyratron  switches.  The  MS  thyratron  is  a 
CX2003[4]  and  the  DS  thyratron  is  a  CX1171A[4],  Since 
there  is  only  one  prototype  PFN,  the  test  set-up  included  a 
dummy  load  (a  0.96  (iF  capacitor  with  a  parallel 
500  k£2  discharge  resistor)  connected  in  place  of  a  second 
PFN.  Thus  the  RCPS  was  properly  loaded.  The  DS 
thyratron  connects  one  end  of  the  prototype  PFN,  via  10 
parallel  50  £2  coaxial  cables  to  the  5  £2  prototype  dump 
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resistor.  The  MS  connects  the  other  end  of  the  PFN  via  10 
parallel  50  Q  cables,  to  a  kicker  magnet  (not  installed  for 
these  tests)  terminated  with  a  5  £2  MS  resistor. 

2  MEASUREMENTS 

The  prototype  PFN  was  charged  to  various  voltages  up  to 
60  kV  and  the  timing  of  the  thyratron  trigger  pulses  were 
varied.  The  stability  and  the  pulse  to  pulse  reproducibility 
of  the  PFN  voltage,  the  ripple  of  the  flattop  of  the  pulse 
and  the  ripple  in  the  post  pulse  period  were  measured 
with  high  precision.  A  calibration  procedure  was 
developed  to  provide  measurements  on  the  ripple  of  a 
30  kV  pulse  to  a  precision  of  ±0.1  %[  12]. 

2.1  Stability 

The  overall  stability  of  the  RCPS  and  PFN  was 
determined  by  measuring  the  magnitude  of  the  flattop 
voltage  on  the  MS  terminator  voltage  divider  (VD),  on 
successive  pulses.  A  TDS744A  oscilloscope[8]  was  used 
to  determine  the  average  value  of  the  flattop  of  the  MS 
VD  voltage  over  a  4  ps  time  window,  permitting  5  figures 
of  accuracy  to  be  displayed  on  the  oscilloscope.  Although 
the  absolute  value  of  voltage  is  not  known  to  such  a  high 
precision,  the  relative  value  is  mainly  of  interest.  The 
value  of  the  average  voltage  was  noted  for  several 
consecutive  pulses,  under  a  variety  of  conditions,  such  as 
a  cold  start-up,  and  also  after  operation  for  several  hours. 
The  maximum  excursion  of  the  MS  VD  voltage  for  20 
consecutive  pulses,  with  the  PFN  pre-charged  to  60  kV, 
was  ±0.035%,  compared  with  a  goal  of  ±0.2%. 

2.2  Probe  Calibration 

A  1  kV  FET,  precision,  calibration  pulse  generator[9] 
with  a  transition  time  of  30  ns  (5%  to  95%)  has  been 
designed  and  built  at  TRIUMF.  This  pulse  generator  was 
used  to  obtain  calibration  data  for  a  freon  filled  P6015[8] 
high  voltage  probe  connected  to  a  TDS744A  oscilloscope. 
The  calibration  of  a  6015A  (freon  free)  probe  was  found 
to  be  sensitive  to  slight  changes  in  parasitic  capacitance  to 
ground  of  the  surroundings.  A  PSpice  model  of  the 
precision  pulser  shows  that  the  output  waveform  is  flat  to 
within  ±0.1%,  100  ns  after  the  start  of  the  pulse.  The 
required  compensation  can  not  be  achieved  using  the 
available  adjustments  in  the  P6015  probe  compensation 
box.  Thus  a  procedure  was  developed  to  provide  a 
relative  precision  of  ±0.1%  for  a  6015  probe  as  follows: 

•  Use  a  FET  based  pulse  generator  to  generate  a 
“known”  waveform.  Compensate  the  probe  and  store 
this  reference  waveform  digitally.  The  compensation 
at  this  stage  is  only  approximate. 

•  Comparison  of  the  reference  and  “known” 
waveforms  gives  the  calibration  curve  (for  a  given 
waveform  shape),  as  a  function  of  time,  for  the  probe 
and  oscilloscope  amplifier  (for  a  given  gain). 


The  calibration  depends  on  the  oscilloscope  amplifier 
gain  and  on  the  waveform  shape.  Thus  the  calibration 
pulse  must  have  approximately  the  same  duration,  rise 
time  and  fall  time  as  the  pulse  to  be  measured,  and  the 
oscilloscope  settings  must  be  the  same  for  the  calibration 
data  collection  as  for  the  PFN  pulse  data  collection  [12]. 
The  30  kV  MS  terminator  pulse  was  measured  across  one 
of  ten  series  resistor  disks  that  make  up  the  MS 
terminating  resistor.  Thus  the  P6015  probe  was  used  to 
measure  a  3  kV  pulse,  and  was  calibrated  with  a  600  V 
pulse  with  the  same  amplifier  gain  settings  on  the 
TDS744A  oscilloscope. 

2.3  Flat-top 

Fig.  2  shows  a  measured  29  kV  pulse,  after  compensation 
for  the  6015  probe  and  the  oscilloscope  amplifier,  with  the 
DS  not  turned  on.  The  waveform  has  been  corrected  to 
account  for  the  calibration.  The  top  of  the  measured 
voltage  pulse  is  flat  to  within  ±0.3%  600  ns  after  the  end 
of  a  rise  time  of  approximately  60  ns,  without  any 
adjustments  of  the  PFN. 


Figure  2:  Measured  and  predicted  flattop  portion  of  PFN 
voltage  pulse  each  normalised  to  100%. 


Measurements  on  a  7  turn  section  of  the  PFN  coil 
showed  that  the  copper  tube  from  which  the  coil  is  made 
was  no  longer  round.  The  outside  diameter  of  the  tube  on 
the  length  of  the  helix  was  between  0.2  mm  and  0.3  mm 
larger  than  the  nominal  8  mm.  Since  the  coil  former  has 
grooves  to  fit  the  8  mm  circular  cross  section  of  copper 
tubing,  the  coil  diameter  is  slightly  too  large.  Detailed 
measurements  of  the  outside  diameter  of  the  PFN  coils  at 
each  cell,  showed  that  the  average  mean  coil  diameter  is 
1 .4%  greater  than  the  designed  mean  diameter,  giving  rise 
to  an  average  increase  in  inductance  of  2.8%.  The  average 
diameter  of  the  cells  near  the  centre  of  the  PFN  is  1.5% 
and  0.8%  greater  than  at  the  MS  and  DS  ends, 
respectively.  The  prediction  in  Fig.  2  is  a  PSpice 
calculation  with  measured  coil  diameters  used  to  scale  the 
PFN  cell  inductance.  A  PSpice  prediction  for  an  ideal  PFN 
coil  (constant  diameter)  gives  a  waveform  that  is  flat  from 
an  elapsed  time  of  1 .2  ps  through  to  8  ps.  The  variation  in 
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the  coil  diameter  explains  the  small  dip  in  the  voltage 
waveform  at  approximately  6  |is  in  Fig.  2. 

Analysis  of  measurements  made  at  low  voltage,  (up  to 
50  V)  indicate  that  the  inductance  of  each  cell  of  the  PFN 
is  approximately  4%  greater  than  predicted  for  an  ideal 
(constant  radius)  coil.  Thus  there  is  still  an  unexplained 
anomaly  of  1.2%  error  in  the  total  PFN  inductance.  The 
relative  difference  between  the  predicted  flattop  ripple  and 
the  actual  measured  waveform  is  ±0.2%,  from  1400  ns 
after  the  start  of  the  flattop  of  the  pulse. 

The  field  strength  was  calculated  from  a  measured 
27.5  kV  pulse  with  a  5.5  ps  flattop,  fed  to  the  model  of 
the  kicker  magnet  with  a  690  ns  delay  length.  The 
resultant  predicted  kick  rise  time  from  0.2%  to  99.8%,  is 
834  ns  and  the  fall  time  is  2.94  ps,  for  a  field  pulse  with  a 
flattop  of  4.69  ps  and  a  ripple  of  less  than  ±0.2%. 

2.4  Post  Pulse 

It  was  thought  that  the  3  stage  thyratrons  would  block 
reverse  voltages  up  to  a  few  kV  and  would  conduct  at 
higher  reverse  voltages[10].  In  order  to  confirm  that  small 
reverse  voltages  are  blocked,  the  post  pulse  period  of  a 
waveform  was  measured  at  the  MS  terminator  for  two 
different  values  of  DS  terminating  resistor.  The  results  are 
shown  in  Figure  3  for  a  27.5  kV  pulse. 
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Figure  3.  Post  pulse  voltage  for  a  positive  and  a  negative 
reflected  pulse  from  the  DS  terminator. 

Assuming  that  the  PFN  impedance  is  exactly  5£2  at  the 
DS  end,  then  with  a  DS  resistor  of  5.17  £2,  the  reflection 
coefficient  is  +1.7%  and  there  is  a  small  positive  pulse 
reflected  back  to  the  MS  terminator  which  shows  up  in  as 
a  positive  distortion  during  the  post  pulse  period  (Fig.  3). 
However  with  a  DS  resistor  of  4.68  £2,  the  reflection 
coefficient  is  -3.3%  and  there  is  a  negative  pulse  reflected 
back  which  would  show  up  as  a  negative  pulse,  with  a 
magnitude  of  approximately  -3.3%.  However  there  is  only 
a  small  and  short  negative  pulse  (Fig.  3),  which  confirms 
that  the  MS  thyratron  (CX2003)  blocked  a  reverse  voltage 
of  6.6%  (ie:  1 .8  kV  due  to  pulse  doubling).  This  means  that 
the  precision  of  the  DS  terminator  does  not  have  to  be 
very  high  (e.g.  5  £2+0%-6%).  The  small  negative  pulse 
(Fig.  3)  is  thought  to  be  due  to  the  cleanup  current  from 


the  MS  thyratron.  There  is  also  a  probe  calibration  error, 
since  the  calibration  pulser  fall  time  is  30  ns  and  the  fall 
time  of  the  measured  pulse  is  approximately  1  ps.  A  new 
calibration  pulser  has  been  designed  to  permit  calibration 
with  pulses  of  representative  fall  time  [11]. 

3  CONCLUSION 

The  top  of  the  29  kV  pulse  is  flat  within  ±0.3%  after 
600  ns  from  the  start  of  the  flattop  of  the  pulse.  The  post¬ 
pulse  period  is  flat  to  within  ±0.1%  after  a  period  of 
approximately  600  ns  from  the  bottom  of  the  falling  edge 
of  the  pulse,  providing  the  resistance  of  the  DS  terminator 
is  slightly  less  than  5  £2.  The  PSpice  calculations  of  the 
system  are  accurate  to  the  0.2%  level  and  thus  the 
theoretical  model  can  be  applied  with  confidence  to 
evaluate  future  PFNs  and  RCPSs.  A  kicker  magnet  is 
being  fabricated,  and  measurements  will  be  carried  out  to 
confirm  that  the  field  pulse  can  meet  the  stringent 
requirements.  The  prototype  PFN  and  RCPS  have  met  the 
design  specifications  so  TRIUMF  can  now  proceed  to 
fabricate  9  PFNs  and  5  RCPSs  for  installation  into  the 
LHC. 
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Abstract 

As  design  studies  and  various  R&D  efforts  continue  on 
Next  Linear  Collider  (NLC)  systems,  much  R&D  work  is 
being  done  on  X-Band  klystron  development,  and 
development  of  pulse  modulators  to  drive  these  X-Band 
klystrons.  A  workshop  on  this  subject  was  held  at  SLAC 
in  June  of  1998,  and  a  follow-up  workshop  is  scheduled  at 
SLAC  June  23-25,  1999.  At  the  1998  workshop,  several 
avenues  of  R&D  were  proposed  using  solid  state 
switching,  induction  LINAC  principles,  high  voltage  hard 
tubes,  and  a  few  more  esoteric  ideas.  An  optimised 
version  of  the  conventional  thyratron-PFN-pulse 
transformer  modulator  for  which  there  is  extensive 
operating  experience  is  also  a  strong  candidate  for  use  in 
the  NLC.  Such  a  modulator  is  currently  under 
construction  for  base  line  demonstration  purposes.  The 
performance  of  this  “Cost  Model”  modulator  will  be 
compared  to  other  developing  technologies.  Important 
parameters  including  initial  capital  cost,  operating 
maintenance  cost,  reliability,  maintainability,  power 
efficiency,  in  addition  to  the  usual  operating  parameters  of 
pulse  flatness,  timing  and  pulse  height  jitter,  etc.  will  be 
considered  in  the  choice  of  a  modulator  design  for  the 
NLC.  This  paper  updates  the  progress  on  this  “Cost 
Model”  modulator  design  and  construction. 

1  INTRODUCTION 

The  history  of  conventional  modulator  development  for 
the  NLC  is  covered  in  previous  papers  enumerated  in  the 
references.  A  brief  description  of  the  NLC  concept  is 
repeated  here  for  reader’s  benefit.  The  NLC  is  a  1TEV, 
electron-positron  linear  collider,  wherein  two  500GEV 
linear  accelerators  are  aimed  at  each  other.  Each  LINAC 
is  10  km  long,  and  operates  at  X-band,  (11.424  GHz). 
Each  LINAC  employs  over  3,000  75  MW  klystrons,  two 
klystrons  per  modulator.  LINACS  are  divided  into 
Sectors,  each  Sector  containing  72  klystrons  and  36 
modulators  in  the  Base  Line  configuration.  An  8-pack 
induction  modulator  concept  described  in  the  Cassel 
paper  in  this  conference  could  reduce  the  modulator  count 
per  sector  to  9,  each  modulator  powering  8  klystrons. 
This  is  new  technology,  however,  so  at  the  present  time, 
both  conventional  modulator  and  induction  modulator 
developments  are  moving  ahead  in  the  NLC  R&D. 

Efficiency,  reliability  and  performance  are  major 
elements  in  the  design  requirements.  SLAC’s  cost  model 
modulator  is  based  upon  conventional  technology  and 
components  that  exist  today,  with  the  idea  of  optimising 


the  components  to  meet  the  design  criteria  [2],  In  the  last 
year,  various  pulse  discharge  capacitors  have  been 
evaluated.  These  results  indicate  that  at  present,  a 
conventional  polypropylene  design  with  attention  to 
reducing  series  inductance  is  the  best  compromise  where 
power  transfer  efficiency  and  reliability  are  prime 
considerations.  Some  work  has  been  done  by  thyratron 
manufacturers  to  develop  an  appropriate  thyratron  having 
a  50,000-hour  MTBF  (mean  time  between  failure).  There 
is  an  effort  to  develop  or  co-ordinate  development  of  a 
high  voltage  charging  power  supply  with  95+%  efficiency. 
A  solid  state  on-off  switch  is  being  considered  as  a 
replacement  for  the  thyratron-PFN  in  a  conventional 
modulator  design.  For  a  conventional  modulator,  a 
proposed  physical  size  and  layout  has  been  developed 
which  is  being  used  in  other  areas  of  the  NLC  design 
efforts  that  interact  with  modulators. 

Table  1  delineates  the  latest  requirements  for  the 
klystron-modulator  assembly.  It  is  expected  that  these 
parameters  can  be  achieved  using  current  component 
technology. 


Table  1  Baseline  Modulator  Requirements 


Parameter 

Value 

Peak  Klystron  Voltage 

500  kV 

Total  Peak  Current 

530  A 

Pulse  Width(usable  FT) 

1.5ps 

Pulse  Top  Flatness 

2% 

Pulse  Top  Ripple 

2% 

Pulse-pulse  Ripple 

0.25% 

Pulse-pulse  Jitter 

10ns 

P.R.F. 

120  Hz 

Charging  Voltage 

80kV  max. 

Charging  Supply  Power. 

75  kW 

Charging  Supply  Efficiency. 

90% 

Overall  Efficiency 

61.5% 

Reliability  (MTBF) 

8,100hr 

2  ENERGY  STORAGE  CAPACITORS 

Pulse  shape  can  be  very  dependent  on  the  type  of  energy 
storage  capacitor  used.  A  fast  rate  of  rise  of  current  can 
be  limited  by  the  internal  inductance  of  the  capacitor 
itself,  especially  during  a  high  current  discharge.  R. 
Cassel  and  Saul  Gold  have  tested  film  and  ceramic 
capacitors  for  their  internal  inductance  and  found 
inductance  of  greater  than  lOOnHy  in  most  designs.  A 
Sicond  solid  dielectric  capacitor  from  Russia  [2]  was 
tested  and  found  to  have  less  than  30nHy  of  internal 
inductance,  but  at  the  expense  of  increased  losses.  After 
all  of  this  testing,  a  standard  polypropylene  capacitor  with 
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special  attention  to  end  connections  to  minimise  series 
inductance  has  been  chosen  for  the  “Cost  Model” 
development. 

3  THYRATRON  SWITCHES 

There  is  a  long  history  of  thyratron  operation  at  SLAC. 
Presently,  high  power  thyratrons  have  an  average  lifetime 
in  excess  of  15,000  hours  [4],  A  lifetime  of  50,000  hours 
is  desired  for  the  NLC.  Discussions  with  EEV,  Litton  and 
Triton,  the  three  main  thyratron  manufacturers,  have 
indicated  that  life  increases  with  decreasing  peak  and 
average  current.  The  80kV  charging  voltage  of  the  “Cost 
Model”  modulator  dictates  a  peak  thyratron  current  at 
about  7500  amperes  and  an  average  current  below  2 
amperes.  Three  gap  thyratrons  are  currently  being 
developed  by  all  three  manufacturers  to  meet  these 
requirements.  The  “Cost  Model”  modulator  design  will 
accept  any  of  these  three  new  thyratron  models.  In  the 
next  two  years,  samples  of  these  thyratrons  will  be 
operated  continuously  in  the  SLAC  LINAC  and  Klystron 
Test  Lab  to  establish  basic  lifetime  and  reliability  profiles. 

4  PULSE  TRANSFORMERS 

Pulse  transformer  design,  for  the  most  part,  is  a  mature 
technology,  which  can  produce  high  reliability,  relatively 
low  loss  voltage  step-up  to  klystron  cathode  pulse 
potential.  For  most  prior  applications,  energy  transfer 
efficiency,  and  pulse  rise  time  were  not  primary 
requirements  of  the  transformer  design.  In  the  case  of  the 
NLC,  these  two  parameters  are  of  significant  interest  as 
they  affect  the  operating  cost  of  the  two  LINACs.  Both 
Stangenes  Industries  and  North  Star  Research  have 
supplied  SLAC  with  prototype  NLC  transformers.  The 
testing  results  of  these  two  units  are  given  in  [5].  Out  of 
this  initial  testing,  a  new  transformer  design  is  emerging 
which  will  be  used  in  the  first  version  of  the  “Cost  Model” 
modulator. 

5  PHYSICAL  TANK  LAYOUT 

The  physical  layout  of  the  modulator  is  of  critical 
importance  to  performance,  reliability  and  maintainability 
and  manufacturability.  The  sheer  numbers  of  modulators 
required  demands  a  layout,  which  affords  ease  of 
manufacturing  and  cost  minimisation.  We  have  built  a 
full-scale  partial  mock-up  of  the  modulator  tank  to  help  in 
this  design  effort,  and  have  further  modified  it  as  the 
design  was  optimised.  A  photo  of  this  mock-up  is  shown 
in  the  adjacent  column. 

The  cross-section  view  of  the  modulator  tank  is  shown 
in  Fig  3.  All  components  that  are  part  of  the  pulse  power 
delivery  system  are  housed  in  a  single  tank,  which  also 
mounts  the  two  X  band  klystrons.  The  two  klystrons  and 
modulator  tank  assembly  forms  a  single  maintenance  unit 
that  will  be  removed  to  a  repair  facility  when  any  of  the 
modulator  components,  or  the  klystrons  fail.  This 
removes  the  need  to  handle  oil  in  the  Klystron  Alcoves. 


Fig.2  Modulator  Tank  Physical  Mock-up 

One  exception  to  this  procedure  may  be  the  replacement 
of  the  thyratron  if  that  unit  requires  more  frequent 
replacement.  The  tank  design  is  such  that  the  thyratron 
can  be  plugged  and  unplugged  through  the  oil  expansion 
column  on  the  top  of  the  tank  without  removal  of  the  oil. 

A  key  to  designing  a  fast  rise  time,  electrically  quiet 
modulator  is  to  take  into  account,  and  minimise,  all 
interconnecting  impedances  and  stray  capacitance  that  do 
not  show  up  on  the  schematic  diagram.  The  component 
layout  in  this  tank  design  is  based  on  minimising  these 
loss-producing  elements.  Each  high  current  path  is 
mapped  separately  and  isolated  to  its  intended  circuit  via 
very  low  impedance  connections,  and  ferrite  isolated 
supports.  Circuit  elements  that  move  up  and  down  in 
voltage  with  the  pulsing  are  designed  to  have  minimum 
capacity  to  the  grounded  walls  of  the  tank.  Voltage  hold- 
off  margins  are  adequate  for  500  kV  pulses,  but  excessive 
size  and  spacing  which  leads  to  inductive  or  capacitive 
losses  are  minimised. 

Most  of  the  components  needed  to  build  the  first  version 
of  the  “Cost  Model”  modulator  are  on  hand.  A  detailed 
design  of  the  tank  assembly  was  completed  and  given  to 
tank  fabricators  for  costing.  The  resulting  cost  for  a 
prototype  unit  was  much  higher  than  expected,  so  at  this 
time,  the  design  is  being  modified  to  reduce  the 
fabrication  cost.  It  is  expected  that  an  order  for  a  reduced 
scope  modulator  tank  will  be  placed  in  the  next  two 
months,  and  a  “Cost  Model”  modulator  will  be  in 
operation  by  the  end  of  this  fiscal  year. 
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Figure  3:  Cross-section  views  of  modulator  components  in  tank 


*Work  supported  by  Department  of  Energy  contract 
DE- AC03-76SF005 1 5 . 


References 

[1]  The  NLC  design  group:  ‘Zeroth-Order  Design  Report  for  the  Next 
Linear  Collider’,  SLAC -474,  1996. 

[2]  R.  Koontz,  M.  Akemoto,  S.  Gold,  A.  Krasnykh,  Z.  Wilson:  ‘NLC 
Klystron  Pulse  Modulator  R&D  at  SLAC’,  Proceeding  of  1997 
Particle  Accelerator  Conference,  Vancouver, B.C  Canada,  1997. 

[3]  M.  Akemoto,  S.  Gold:  ‘Optimization  of  a  PFN  with  Mutual 
Coupling’,  to  be  published. 

[4]  D.B.  Ficklin  Jr.:  ‘An  Updated  History  of  the  Thyratron  Lifetimes  at 
the  Stanford  Linear  Accelerator  Center’,  23  International  Modulator 
Symposium,  Rancho  Mirage,  CA,  1998. 

[5]  S.L.  Gold,  JP.  Eichner,  R.F.  Koontz,  A.  Krasnykh  ‘Developments  in 
the  NLC  Modulator  R&D  Program  at  SLAC’  23rd  Pulse  Modulator 
Symposium  1998 

[6]  This  paper  can  be  obtained  from  SLAC  Publications  as 
SLAC-PUB-8073 


1514 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


TRIGGER  CONTROL  AND  FAULT  REACTION  CIRCUITRY  FOR  THE 
SOLID-STATE  SWITCH  MODULATOR  DECK  AT  THE  MIT-BATES 

S-BAND  TRANSMITTER 

R.  Campbell,  A.  Hawkins,  W.  North  (Consultant),  L.  Solheim,  C.  Wolcott*. 

A.  Zolfaghari,  MIT  Bates 


Abstract 

This  paper  describes  the  trigger  control  and  fault  reaction 
circuitry  for  the  new  solid-state  switch  modulator  at  the 
MIT  Bates  Linear  Accelerator  Center.  This  new  circuitry 
has  been  designed  and  built  to  control  the  new  cathode¬ 
switching  solid-state  modulator  that  replaces  the  old 
vacuum-tube  technology  modulator.  The  old  modulator 
used  a  start  signal  to  commence  its  pulses  and  a  separate 
stop  signal  to  end  its  pulses.  The  new  system  uses  a  single 
gate  signal  to  control  the  modulator  pulse. 

The  trigger  control  circuit  is  a  stand-alone  control 
unit  that  can  operate  in  a  local  (manual)  mode  or  a  remote 
mode.  In  the  local  mode  the  unit  uses  its  own  oscillator  to 
run  the  transmitter.  In  the  remote  mode  the  accelerator- 
control  computer  can  turn  triggers  on  or  off  (enable  the 
triggers),  can  reset  the  unit,  and  can  send  the  gate  signal  that 
triggers  the  modulator.  There  is  no  microprocessor  fault 
control  of  the  transmitter.  The  trigger  control  chassis 
receives  all  necessary  signals  from  the  transmitter  and 
performs  all  necessary  trigger  control  and  fault  reaction 
functions  by  itself.  These  fault  reactions  can  be  to  turn  off 
the  solid-state  switch,  to  fire  the  crowbar,  or  simply  to  light 
LEDs.  The  main  accelerator-control  microprocessor 
receives  report  signals  from  the  trigger  control  unit  to  alert 
the  accelerator  operators  to  the  status  of  the  transmitter. 

The  trigger  control  circuitry  limits  the  modulator 
pulse  width  to  5  microseconds  longer  than  the  gate  signal  up 
to  a  maximum  of  55  microseconds  and  limits  the  pulse 
repetition  frequency  to  under  2  kHz.  All  the  circuitry  is 
designed  with  noise  suppression  techniques  and  with  a  high 
level  of  noise  immunity  (5  volts  or  more)  to  ensure  fault- 
free  operation  in  a  noisy,  transient-filled  environment. 

1  INTRODUCTION 

The  MIT-Bates  Linear  Accelerator  is  powered  by  six  RF 
transmitter  stations  that  each  contain  two  RF  amplifying 
klystrons.  The  old  modulator  design,  which  pulses  high- 
voltage  across  the  klystrons,  uses  vacuum-tube  technology 
that  is  prone  to  failures  and  is  difficult  to  maintain.  This 
design  consists  of  a  center-deck  and  two  outboard  switch- 
tube  decks  that  each  hold  two  parallel-connected  L-5097 
Beam  Switch  Tubes  (BSTs)  that  are  in  series  with  each 
klystron  and  the  High-Voltage  Power  Supply  (HVPS) 


output.  The  center  deck  contains  the  power  supplies  and 
various  vacuum-tube  power-circuitry  that  sends  high- 
voltage  pulses  to  the  BSTs  modulating  anodes.  These 
pulses  “turn  on”  the  BSTs  to  the  desired  current-regulation 
level  and  allow  a  current  pulse  to  be  sent  through  each 
klystron.  The  klystron  current  pulses  are  initiated  by  a  Start 
trigger  signal  and  cut  off  by  a  Stop  trigger  signal.  The  new 
modulator  system  creates  two  separate  modulators,  one  for 
each  klystron,  using  the  existing  switch-tube  decks  and 
BSTs.  The  center  deck  is  eliminated.  At  the  heart  of  the 
new  design  is  a  20kV,  lOOAmp  solid-state  switch  (built  by 
Diversified  Technology,  Inc.  in  Bedford,  MA)  which  is 
connected  to  the  parallel  BSTs  in  a  cathode  switching 
configuration.  A  0-20kV  DC  power  supply  is  connected 
between  the  negative  high  voltage  of  the  HVPS  and  the 
modulating  anodes  of  the  BSTs  to  set  them  for  the  desired 
current  pulse  amplitude.  A  fiber-optic  gate  signal  is  used  to 
close  the  switch.  When  light  is  transmitted,  the  switch  closes 
until  the  light  is  removed.  With  the  closing  of  the  switch, 
the  cathodes  of  the  BSTs  are  taken  to  the  negative  high- 
voltage  (-180kV)  of  the  transmitter  and  the  klystrons  are 
pulsed.  When  the  switch  opens,  the  BSTs  stop  conducting, 
thereby  blocking  the  current  through  the  klystrons. 

Because  of  the  basic  differences  between  the  two 
systems,  and  due  to  new  fault  monitoring  devices,  a  new 
approach  was  needed  to  trigger  the  new  modulator. 
Therefore,  a  new  trigger  control  chassis  was  designed  and  a 
prototype  built.  The  control  circuitry  was  designed  at  Bates 
and  ModPower,  Inc.  in  Taunton,  MA  designed  the  power 
supply  and  built  the  complete  prototype  system.  The 
system  contains  its  own  power  supply,  power  monitoring, 
remote  and  local  trigger  control,  trigger  filtering,  modulator 
fault  detection  and  latches,  crowbar  control,  and  fail-safe 
safety  features.  The  circuitry  is  designed  with  noise 
suppression  techniques  with  a  high  level  of  noise  immunity 
(5  volts  or  more)  to  ensure  fault-free  operation  in  a  noisy, 
transient-filled  environment. 

2  POWER  SUPPLY 

The  main  power  to  the  chassis  is  120  VAC.  The  AC  input 
is  first  fused  then  bypassed  from  line  to  neutral  by  back  to 
back  zener  diodes  and  a  lpF  capacitor  (cap).  The  AC  is 
then  filtered  with  a  line  filter.  The  filter  output  is  bypassed 
from  line  to  neutral  by  a  lpF  cap,  back  to  back  zener  diodes 
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and  a  100k  resistor.  The  line  filter  output  from  line  to 
ground  is  bypassed  by  a  4.7nF  cap  as  is  the  output  from 
neutral  to  ground.  A  power  switch  switches  the  AC  on  to 
the  power  supply.  The  power  supply  outputs  are  +5VDC, 
+7.5VDC,  +10VDC,  +12VDC,  +15VDC,  and  +20VDC. 
These  voltages  are  used  to  power  Integrated  Chips  (ICs), 
pulse  fiber-optic  transmitters,  and  as  reference  voltages  for 
Comparators  (LM339s).  Comparators  were  used  because 
of  their  high  noise  immunity  features.  Each  DC  voltage  is 
produced  from  a  separate  fused  transformer  whose  output  is 
full-wave  rectified  and  then  filtered.  An  adjustable 
regulator  with  an  adjustable  reference  set  by  a  12-tum 
potentiometer  (pot)  sets  the  voltages  precisely.  Every  IC 
power  supply  input  travels  through  a  ferrite  bead  and  is 
bypassed  by  a  0.1  pF  and  lOpF  cap.  The  power  supply  is 
self-monitoring  and  if  any  DC  voltage  fails,  the  crowbar  is 
fired  and  the  modulators  are  latched  off,  stopping  all 
transmitter  operation.  If  this  occurs  a  red  LED  is  lit  to  show 
which  voltage  has  failed.  As  with  any  fault  the  trigger 
control  needs  to  be  reset  (either  locally  or  by  remote)  to 
resume  operation.  As  long  as  the  power  supply  is 
functioning  properly  a  green  LED  is  lit  to  indicate  a  good 
power  supply. 

3  TRIGGER  CONTROL 

The  primary  function  of  the  trigger  control  chassis  is  to 
gate  the  modulator  on  and  off  in  a  controlled  fashion.  This 
can  be  done  by  two  sources:  a  remote  gate  signal  or  a  gate 
signal  from  the  local  oscillator.  A  front  panel  break-before¬ 
make  switch  labeled  Remote/Local  selects  the  trigger 
source.  If  the  remote  source  is  selected  (a  computer 
generated  signal  transmitted  from  the  control  room  via  fiber 
optic  cable)  the  control  room’s  gate  signal  will  run  the 
modulator.  The  remote  trigger  is  input  to  the  circuitry 
through  a  pulse  transformer  to  ensure  galvanic  isolation. 

The  gate  signal  then  undergoes  two  filtering  processes.  The 
first  filter  blocks  any  pulse  that  is  longer  than  55ps.  If  any 
remote  gate  signal  longer  than  55ps  is  sent  it  is  cut  off  at 
55ps,  the  modulator  is  latched  off,  and  an  LED  is  lit  to  show 
that  a  remote  width  fault  has  occurred.  The  second  filter  is 
a  pulse  repetition  frequency  (PRF)  filter.  It  blocks  any 
frequencies  higher  that  2kHz.  If  any  pulse  is  detected 
within  500ps  of  another  (2kHz),  the  pulse  is  blocked,  the 
modulator  is  latched  off,  and  a  red  LED  is  lit  to  indicate  a 
remote  PRF  fault.  If  a  gate  signal  gets  past  these  filters  it 
passes  through  the  Remote/Local  switch  and  then  to  the 
Enable  Triggers  circuit.  The  transmitter  system  has  many 
interlocks  that  must  be  satisfied  before  the  main  high- 
voltage  can  be  turned  on.  If  all  these  interlocks  are 
satisfied,  and  high  voltage  is  turned  on,  a  24  VDC  signal  is 
sent  to  the  trigger  control  chassis.  If  this  signal  is  not 
present  the  triggers  cannot  be  enabled  and  the  gate  signal 
cannot  get  past  the  enable  circuit.  If  the  24VDC  signal  is 
present,  a  green  LED  labeled  “Ready  for  Triggers”  is  lit. 
Only  then  can  the  triggers  be  enabled,  either  remotely  or  by 
a  local  pushbutton.  When  the  triggers  have  been  enabled 


the  gate  can  pass  through  the  enable  circuit  to  gate  a 
transistor.  This  transistor  switches  15  VDC  to  a  pair  of 
parallel-connected  fiber-optic  transmitter  circuits  (one  for 
each  modulator).  In  each  path  are  five  fiber  optic 
transmitters  (one  for  each  module  of  the  solid-state  switch), 
a  resistor,  and  a  switch  that  allows  for  the  manual  shut-off  of 
either  modulator  so  that  one  klystron  can  be  pulsed  while 
the  other  is  not  used.  When  the  gate  signal  switches  the 
transistor  on,  current  flows  through  the  fiber  optic 
transmitter  LEDs.  The  lights  are  transmitted  via  fiber  optic 
cables  to  the  solid  state  switch.  The  switch  closes  and 
pulses  current  through  the  klystron.  At  the  bottom  of  each 
fiber-optic  transmitter  string  is  a  viewing  resistor  that 
develops  a  voltage  whenever  current  is  flowing  through  the 
fiber-optic  transmitters.  A  front  panel  BNC  bulkhead  is 
connected  across  each  resistor  to  allow  monitoring  of  the 
trigger  signals.  This  signal  is  also  connected  to  a  panel- 
mounted  meter  that  displays  the  PRF  of  the  modulators,  and 
is  also  sent  to  the  switch-status  fault  detection  circuit 
discussed  below. 

If  the  local  oscillator  is  selected  to  gate  the 
modulator,  the  signal  is  taken  from  an  oscillator  circuit 
inside  the  chassis.  This  circuit  supplies  a  gate  that  is 
variable  from  3-55ps  long  with  a  PRF  variable  from 
0-2kHz.  These  parameters  are  controlled  by  panel  mounted 
potentiometers. 

4  FAULT  DETECTION 

The  trigger  control  chassis  must  monitor  many  modulator 
signals  to  protect  the  modulator  and  klystrons  from  system 
faults.  Besides  the  remote  width,  remote  PRF,  and  power 
supply  faults  already  discussed  the  system  monitors  each 
modulator’s  BST  difference  current,  each  klystron’s  body 
current  and  collector  current,  and  the  total  ground  current  of 
the  entire  transmitter.  These  signals  are  sent  from  current 
monitor  transformers  via  coaxial  cables  that  pass  through 
pulse  baluns  to  attenuate  any  shield  noise.  The  circuitry 
also  monitors  the  status  of  each  module  in  both  solid-state 
switches  to  verify  its  operation. 

As  stated,  each  modulator  deck  contains  two 
parallel-connected  BSTs.  If  one  of  the  BSTs  arcs  there  will 
be  a  huge  difference  between  the  current  in  the  arcing  tube 
and  the  current  in  the  non-arcing  tube.  This  difference 
current  is  monitored,  and  if  a  large  enough  difference  is 
detected  the  system  crowbar  is  fired  and  the  triggers  are 
disabled.  The  collector  current  of  each  klystron  is 
compared  to  a  width  window  that  is  the  original  gate  signal 
plus  5ps.  If  any  collector  current  in  either  klystron  is 
detected  outside  this  window,  indicating  a  wide  pulse  or 
spontaneous  current,  the  crowbar  is  fired  and  the  triggers 
are  latched  off.  The  body  current  of  each  klystron  is 
monitored  and  if  either  exceeds  10  Amps  the  triggers  are 
latched  off.  In  this  way,  if  a  klystron  arcs,  but  the  BSTs  do 
not,  the  klystron  arc  can  be  extinguished  by  simply  shutting 
off  the  solid-state  switch.  The  body  current  signal  will  be  a 
very  useful  new  tool.  The  total  ground  current  fault  is  more 
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complicated.  Because  it  is  desirable  not  to  fire  the  crowbar 
in  the  event  of  a  klystron  arc,  the  ground  current  fault 
detection  circuit  must  be  slowed  down  slightly.  A  klystron 
arcs  to  ground  and  this  shows  up  as  both  klystron  body 
current  and  ground  current.  Therefore,  if  the  ground  current 
detection  circuit  is  allowed  to  fire  the  crowbar  instantly,  the 
switch  will  not  have  time  to  extinguish  the  arc.  So  a  delay 
of  10ps  was  introduced  into  the  ground  current  detection 
circuit.  However,  if  the  detected  ground  current  is  still 
present  after  the  lOps  delay,  indicating  a  problem  other  than 
a  klystron  arc,  the  crowbar  is  fired.  All  of  these  fault 
detection  circuits  have  their  own  latches  and  LEDs  that  will 
indicate  what  fault  occurred.  Each  circuit  latches  a  set  of 
relay  contacts  which  alerts  the  control  room  computer  to  the 
fault  condition.  Each  one  of  these  signals  can  be  monitored 
by  an  oscilloscope  from  front  panel  BNC  connections. 

Another  set  of  signals  that  is  monitored  is  the 
switch  status  signals  from  the  solid-state  switch.  The  switch 
contains  5  switch  modules  connected  in  series.  Each 
module  sends  back  a  fiber-optic  signal  indicating  if  it  is 
open  or  closed.  Every  switch  status  signal  is  compared  to 
each  gate  signal  to  check  for  proper  operation.  If  a  fault 
occurs,  an  LED  is  lit  to  indicate  which  module  is  bad  and  an 
overall  switch  fault  signal  is  sent  to  the  control  room  by  a 
relay  contact. 

5  CROWBAR  CONTROL 

The  crowbar  control  chassis  receives  a  signal  from  the 
trigger  control  chassis  and  then  sends  a  high-voltage  pulse 
(15kV)  to  a  large  step-up  pulse  transformer  which  fires  the 
system  crowbar  and  dumps  the  high-voltage  of  the 
transmitter.  Because  the  old  crowbar  control  chassis  will  be 
replaced  eventually,  two  crowbar  firing  circuits  were  built 
into  the  trigger  control  chassis;  one  for  the  old  crowbar 
chassis  and  one  for  the  new.  The  circuit  for  the  old  crowbar 
chassis  sends  a  15VDC  pulse.  Because  the  old  system 
requires  a  pulse  it  was  not  possible  to  make  it  fail-safe.  The 
new  system,  however,  will  be  fail  safe.  A  current  sinking 
field-effect  transistor  (FET)  will  hold  a  voltage  generated  in 
the  new  crowbar  chassis  down  through  an  interconnecting 
cable.  If  the  cable  is  removed,  if  the  trigger  control  chassis 
is  shut  off,  or  if  the  FET  drive  fails  the  crowbar  will  fire 
rendering  the  system  safe  for  equipment  and  personnel.  In 
the  event  of  a  fault  requiring  a  crowbar  the  FET  is  turned 
off  and  the  crowbar  will  fire.  A  Crowbar  Test  button  is 
mounted  on  the  front  panel  that  sends  a  high  signal  to  all  the 
fault  detection  circuits  and  not  only  fires  the  crowbar  but 
tests  all  the  latches  as  well. 

6  FAIL-SAFE  FEATURES 

The  trigger  control  circuitry  was  designed  to  be  as  fail  safe 
as  possible.  When  the  unit  is  turned  on  or  off,  all  the  faults 
are  set  to  ensure  that  no  spurious  signals  occur.  All  the 
current  transformers  inside  the  transmitter  actually  sink 


voltage  because  of  their  low  impedance.  If  either  end  of 
any  coaxial  cable  that  carries  fault  signals  is  disconnected, 
the  trigger  control  will  act  as  if  that  fault  occurred;  either  by 
firing  the  crowbar  or  shutting  of  the  triggers.  Also,  every 
comparator,  transistor,  latch,  or  logic  gate  in  any  fault 
circuit  sinks  current  or  voltage  in  its  “good”  condition.  If 
any  IC  is  removed,  loses  power,  or  if  any  connection  is 
misaligned  or  broken,  the  circuit  will  act  as  though  that  fault 
had  occurred. 

7  CONCLUSION 

Because  the  old  modulator  has  become  obsolete  and 
unreliable  and  has  proven  to  be  too  difficult  to  maintain,  we 
have  the  chance  to  greatly  improve  the  entire  transmitter. 
Simplicity,  safety,  and  reliability  have  driven  the  new 
modulator  and  trigger  control  system  design.  An  entirely 
new  strategy  for  running  the  transmitter  will  be 
implemented.  The  control  circuitry  is  noise  free,  robust, 
and  fail-safe.  It  uses  old  and  new  modulator  signals  that 
will  allow  for  better  fault  control  strategies,  better 
monitoring  and  easier  troubleshooting.  It  has  been  designed 
to  interface  with  a  central  computer  but  does  not  depend  on 
a  microprocessor  or  software  for  equipment  and  personnel 
safety.  The  combination  of  a  new  modulator  system  with 
the  new  trigger  control  circuitry  will  replace  obsolete  and 
failing  technology  and  significantly  improve  the  reliability 
and  performance  of  the  accelerator  and  the  RF  transmitters. 
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Abstract 

This  paper  examines  the  effects  of  self-consistent  collec¬ 
tive  oscillations  excited  in  a  high-intensity  ion  beam  on  the 
motion  of  a  test  particle  in  the  beam  core.  Even  under 
ideal  conditions,  assuming  a  constant  transverse  focusing 
force  (smooth  focusing  approximation),  and  perturbations 
about  a  uniform-density,  constant-radius  beam,  it  is  found 
that  collective  mode  excitations,  in  combination  with  the 
applied  focusing  force  and  the  equilibrium  self  fields,  can 
eject  particles  from  the  beam  core  to  large  radii. 

1  INTRODUCTION 

It  is  increasingly  important  to  develop  improved  theoret¬ 
ical  models  of  halo  production  and  control  for  charged- 
particle  beam  propagation  in  high-intensity  accelerators 
and  transport  systems[l],  with  applications  to  spallation 
neutron  sources,  heavy  ion  fusion,  nuclear  waste  treatment, 
and  tritium  production.  While  halo  formation  mechanisms, 
such  as  beam  mismatch  and  nonlinearities  associated  with 
nonuniform  space-charge  forces  have  been  explored  both 
analytically  and  numerically  [2,  3],  a  fundamental  under¬ 
standing  of  halo  production  is  incomplete.  In  this  paper, 
we  consider  a  new  mechanism  for  the  production  of  halo 
particles.  Namely,  we  consider,  for  the  first  time,  the  ef¬ 
fects  of  self-consistent  collective  oscillations  excited  in  a 
high-intensity  ion  beam  on  the  motion  of  a  test  particle 
in  the  beam  core.  Even  under  ideal  conditions,  assuming 
a  constant  transverse  focusing  force  (smooth  focusing  ap¬ 
proximation),  and  perturbations  about  a  uniform-density, 
constant-radius  beam,  it  is  found  that  collective  mode  ex¬ 
citations,  in  combination  with  the  applied  focusing  force 
and  the  equilibrium  self  fields,  can  eject  particles  from  the 
beam  core  to  large  radii. 

2  THEORETICAL  MODEL  AND 
ASSUMPTIONS 

We  consider  an  intense  nonneutral  ion  beam  with  char¬ 
acteristic  beam  radius  R  and  axial  momentum  76  mf3bC 
propagating  in  the  z-direction  with  average  axial  veloc¬ 
ity  Vb  =  foe  =  onst  ..  The  applied  transverse  focus¬ 
ing  force  in  the  smooth  focusing  approximation  is  modeled 
by  Ffo  (x)  =  — +  y~§).  The  effects  of  self¬ 
electric  and  self-magnetic  fields  on  the  particle  dynamics 
are  retained  in  a  self-consistent  manner,  consistent  with  the 
paraxial  approximation,  and  the  assumption  that  Budker’s 
parameter  satisifes  ub  =  Nb{Ze)2 /me2  <C  7 Here,  Nb 
is  the  number  of  beam  ions  per  unit  axial  length,  related 
to  the  number  density  of  beam  ions  rib{xyp  )  by  Nb  = 
f  dxdyi  b,  where  s  =  Pbct.  The  wavenumber  equivalent 


to  the  transverse  focusing  frequency,  the  transverse  focus¬ 
ing  coefficient  k,  is  defined  by  =  Wf/foc,  which  has 
units  of  inverse  length.  We  further  assume  axisymmetric 
unbunched  beam  propagation  ( d/ 09  =  0  =  d/dz),  and 
introduce  the  normalized  dimensionless  self-field  potential 
1/  defined  by  ip(r,  s)  =  Ze  tf/r,  s)/rfmP2c2. 

We  assume  a  kinetic  or  warm-fluid[4]  Kapchinksij- 
Vladimirskij  (KV)  beam  equilibrium,  and  for  this  case  the 
equilibrium  density  profile  n°(r,  s)  has  the  uniform  value 
Nb/itR '?  in  the  beam  interior  and  is  equal  to  zero  outside 
the  beam,  defined  by  r  >  R(s),  where  R(s)  is  the  solution 
to  the  envelope  equation[2].  We  further  assume  a  matched, 
constant-radius  beam  equilibrium  with  R(s)  =  Ro,  a 
constant,  given  by  ( k  —  K/R%)Ro  =  (2/Ro-  Here  e  is 
the  unnormalized  transverse  emittance,  and  K  is  the  self¬ 
field  perveance  defined  by  K  =  tlNb(Ze)2 /ibm{fibc)2  ■ 
The  “depressed”  oscillation  wavenumber  v  (dimensionless 
units)  is  defined  in  terms  of  the  transverse  focusing  coeffi¬ 
cient  k,  perveance  K,  and  equilibrium  beam  radius  Ro,  by 
v2  —  1  —  K/kR2.  The  “depressed”  oscillation  wavenum¬ 
ber  w  (dimensional  units)  is  given  by  w2  =  k  v2. 

A  key  focus  of  the  present  analysis  is  to  investigate  the 
motion  of  a  test  ion  in  the  combined  force  of  the  applied 
focusing  field  Fp,  ,  the  equilibrium  self  fields,  and  the  per¬ 
turbed  self  fields  associated  with  self-consistent  collective 
oscillations  excited  in  the  beam.  We  express  the  total  self¬ 
field  potential  as  )  =  V’o(r)  +  Sip(r,s  ),  where  ipo(r) 
is  produced  by  the  step-function  equilibrium  density  pro¬ 
file  and  r  =  r//£o  is  the  normalized  radial  coordinate. 
For  the  perturbed  potential  6ip(r,s  ),  we  make  use  of  the 
warm-fluid  model  developed  by  Lund  and  Davidson[4]. 
This  model,  simplified  by  the  assumptions  of  cylindrical 
symmetry,  predicts  an  infinite  class  of  collective  modes 
5ipn,  vanishing  outside  the  beam  core,  with  purely  radial 
dependence,  and  stably  oscillating  with  eigenfrequency 
wn.  The  radial  eigenfunction  Stpn(r)  in  the  beam  inte¬ 
rior  (0  <  f  <  1)  is  defined  in  terms  of  the  Legendre 
polynomials  (of  the  first  kind),  Pn-i(x)  and  Pn(x),  by 
Wn{r)  =  \A„  [Pn_i(l  —  2f2)  +  Pn(l  —  2r2)] ,  where 
{ An }  are  constant  amplitudes.  The  normal-mode  oscilla¬ 
tion  wavenumbers  {w„}  are  defined  in  Ref.  [4]  by  = 
k[2 F2"  v2{2 n2  -  1)]. 

It  is  readily  shown  that  the  equation  of  motion  in  the 
applied  and  equilibrium  self  fields,  together  with  the  oscil¬ 
lating  collective  modes,  is  given  by 


fL+(K+±^L)r=^- 

ds2  \  br2 )  r3  ’ 


(1) 


where  Pg  is  the  (normalized)  canonical  angular  momen¬ 
tum,  RoPg  =  xxf  —  yx' ,  which  is  a  constant  of  the  motion. 
Here  ip(r,s  )  =  ip0(r)  +  6ip(r,s  ),  where  the  eigenfunctions 
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are  the  Legendre  polynomials  defined  above  and  the  eigen- 
frequencies  are  {wn}.  Equation  (1)  is  a  valid  description 
of  the  test  ion  motion,  both  inside  the  beam  (r  <  1)  and 
outside  the  beam  (f  >  1). 

For  test-particle  motion  inside  the  beam,  we  obtain[6] 


d2r 

ds2 


+  u>2r 


P  2  If  °° 

-3-  =  -S3  ^-4„i#;(f)cosu„s.  (2) 


R0~t 


On  the  other  hand,  for  particle  motion  outside  the  beam, 
Eq.  (1)  reduces  to  the  nonlinear  autonomous  equation 

d2f 


ds 2 


+  « - 


K 


R2r2) 


\f-R  = 


=  0. 


(3) 


For  case  of  vanishing  angular  momentum  ( meridional  par¬ 
ticles),  setting  Pff  =  0  in  Eqs.  (2)  and  (3)  and  replacing  r 
with  x  =  x/R0  yields  the  appropriate  equations. 

Equations  (2)  and  (3),  supplemented  by  the  associated 
definitions  of  Sipn,  {w„},  etc.,  constitute  the  final  forms  of 
the  test-particle  orbit  equations  to  be  investigated  analyti¬ 
cally  and  numerically  in  Secs.  3  and  4. 


3  THEORY  OF  THE  DYNAMICAL 
SYSTEMS 

In  this  section  we  examine  several  features  of  the  test  ion 
motion  analytically,  using  numerical  solutions  as  verifica¬ 
tion. 


3.1  Resonant  Behaviour 

Meridional  Test  Ions  We  begin  by  considering  merid¬ 
ional  particles  with  Pg  =  0  in  a  beam  supporting  a  sin¬ 
gle  collective  mode  with  eigennumber  n.  The  functional 
relationship  between  the  nth  mode  frequency  wn  and  the 
depressed  transverse  oscillation  frequency  w  makes  fun¬ 
damental  and  principal  resonances  “inaccessible”  for  all 
mode  numbers  n.  The  Hamiltonian  expansions  predict  res¬ 
onances  for  the  nth  mode  at  w„/w  =  ±2m  for  integers 
m  <  n.  Using  {wn},  we  can  easily  obtain  an  expression 
forw2/w2  =  g2.  The  minimum  of  gn  occurs  at  v2  —  1 
at  which  gn  =  2n,  the  uppermost  resonance.  However,  as 
this  resonance  is  approached,  the  coefficient  which  multi¬ 
plies  the  mode  amplitude,  K/R2  =  k(1  —  P2),  approaches 
zero. 

Equation  (2)  for  meridional  particles  inside  a  beam  sup¬ 
porting  an  n  =  1  mode  is  a  Mathieu  equation,  the  same  as 
that  generated  by  an  envelope  oscillation  R(s)  =  Ro(l  + 
\ Se  coswes)  in  the  limit  of  small  Se,  taking  Se  =  Si  and 
we  =  w\.  However,  it  is  important  to  distinguish  what 
constitutes  inside  the  beam  for  the  two  cases.  The  fluid 
modes  are  derived  for  perturbations  about  a  constant  ra¬ 
dius  beam,  so  inside  the  beam  corresponds  to  |x|  <  1, 
or  |x|  <  R0.  The  mismatch  ripple,  however,  requires 
|x|  <  R(s)  =  i?o(l  +  |<5ecoswes).  Since  i?(s)  is  the 
projection  of  an  energy  level,  particles  initially  inside  the 
energy  shell  of  the  beam  will  remain  confined  in  the  inte¬ 
rior  of  a  mismatched  beam  for  all  time,  whereas  the  beam 


edge  Ro  of  a  beam  with  an  n  =  1  mode  is  not  a  node  of  the 
perturbed  potential,  and  so  particles  may  escape. 

Test  Ions  With  Nonzero  Angular  Momentum  As  a 

simple  example  for  particles  with  nonzero  angular  momen¬ 
tum  Pg  ^  0,  we  consider  perturbations  around  an  interior 
circular  orbit  with  constant  radius  fc  =  rc/Ro,  requiring 
that  Pg  =  f^w2.  The  frequency  of  small  radial  oscillations 
about  the  equilibrium  orbit  is  found  to  be  uic  =  2w,  inde¬ 
pendent  of  the  equilibrium  radius  fc.  If  these  orbit  oscil¬ 
lations  resonate  with  the  collective  mode,  the  particle  will 
experience  a  significant  energy  change. 

The  linearization  for  small  radial  oscillations  has  funda¬ 
mental  and  principal  resonances  when  the  ratio  wi/wc  = 
1,2m  for  integers  m  <  n.  For  n  =  1,  the  fundamental 
resonance  is  at  v2  =  1,  and  the  Mathieu  (or  principal)  res¬ 
onance  is  at  z>2  =  Both  have  important  effects  on  the 
dynamics  of  a  single  particle. 


3.2  Non-Resonant  Behaviour 


It  is  also  possible  for  a  test  particle  to  nonresonantly  gain 
enough  energy  in  the  beam  interior  to  escape  the  beam,  dis¬ 
rupting  the  process  of  giving  the  energy  back.  All  particles 
with  sufficient  energy  in  the  unperturbed  case  to  attain  a 
radius  greater  than  xa  <  1  will  be  ejected  by  the  collec¬ 
tive  modes  into  the  highly  nonlinear  region  exterior  to  the 
beam  at  some  point  of  their  trajectory.  This  minimum  ex¬ 
pelled  radius  xa  is  a  strong  function  of  the  mode  ampli¬ 
tude  strength  T,  defined  as  the  rms  field  energy  in  the  nth 
mode  divided  by  the  rms  electrostatic  energy  in  the  beam 
core.  The  function  may  be  calculated  for  low  n  by 
transforming  the  perturbation  in  the  Hamiltonian  to  higher- 
order[5],  yielding  a  new  energy-like  invariant,  the  new  ac¬ 
tion  J,  whose  maximum  is  directly  related  to  the  maximum 
excursion  of  the  perturbed  particle  trajectory.  For  n  =  2,  the 
unperturbed  maximal  radius  which  will  just  reach  the  beam 
edge  due  to  the  collective  mode  is  given  by[6] 


x2 

XA 


-(1  +  ec2)  ±  [(1  +  ec2)2  +  2ecio;]1/2 
euci 


(4) 


The  values  c\  and  c2  depend  only  on  the  depressed  trans¬ 
verse  frequency  and  the  ratio  a  =  w2/w,  which  in  turn  de¬ 
pend  only  on  i>,  and  are  given  by  c\  =  C3(21a  —  |a3)  and 
c2  =  C3w(— 16a  +  a3),  where  cj1  =  w3(64  —  20a2  -fa4). 
Here,  we  define  e  =  ( K/Ro)Vf .  This  expression  gives, 
within  a  few  percent  over  a  wide  range  of  parameters,  the 
extent  of  the  region  near  the  beam  edge  which  will  be 
ejected  from  the  beam  at  some  point  of  the  trajectory.  Fig¬ 
ure  1  shows  xa  as  a  function  of  normalized  mode  energy 
T  in  a  range  over  which  it  is  an  accurate  approximation. 


4  NUMERICAL  RESULTS 

The  dynamics  become  more  complicated  when  a  trajectory 
spends  time  both  inside  and  outside  the  beam,  and  numer¬ 
ical  solutions  of  the  equations  are  easiest  under  these  con¬ 
ditions. 
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Figure  1 :  Plot  of  xa  versus  T  (%)  for  v2  =  \ . 


Particles  whose  energy  corresponds  to  a  maximum  un¬ 
perturbed  trajectory,  which  we  denote  x0,  between  xa  and 
1  will  be  ejected  from  the  beam  at  some  point,  with  the 
possibility  of  large  energy  gains.  In  general,  ejected  par¬ 
ticles  either  (i)  experience  negligible  energy  gains,  or  (ii) 
obtain  a  well-defined  maximum  excursion  Yj  ~  1.5.  This 
behaviour  is  a  function  of  space-charge  depression  v,  rms 
field  energy  in  the  nth  mode  relative  to  rms  electrostatic  en¬ 
ergy  in  the  beam  core  T  =  £n/£a,  and  the  ejected  particle’s 
unperturbed  maximum  radius  x0. 


Figure  2:  Plot  of  xmax  versus  T  (%)  for  i/2  =  |  with  xo  = 
0.99  (•)  and  x0  =  0.95  (A). 


For  mode  energies  less  than  a  certain  critical  energy 
r i  (f>,  xo),  particles  go  no  further  than  a  few  percent  of  Ro 
outside  of  the  beam;  for  energies  greater  than  Ti,  particles 
consistently  travel  as  far  out  as  X\  ~  1.5  (see  Fig.  2).  The 
value  of  Ti  decreases  as  the  beam  becomes  more  intense, 
ranging  from  less  than  2%  at  v2  —  |  to  15%  at  u2  = 

In  addition,  particles  with  xo  further  from  the  beam  edge 
have  slightly  higher  critical  energies,  and  of  course  parti¬ 
cles  with  xo  <  xa  never  leave  the  beam.  The  value  of 
Xi  gradually  increases  with  T,  and  depends  weakly  on  v., 
Since  X\  does  not  depend  on  x0,  this  is  the  largest  radius 
any  particle  initially  in  the  beam  can  escape  to,  and  func¬ 
tions  as  a  KAM  curve,  giving  an  indication  of  the  phase 
space  structure  in  the  halo  region. 

Finally,  for  intense  beams  with  sufficiently  large  ampli¬ 
tude  modes,  this  phase-space  spanning  curve  can  be  desta¬ 
bilized  and  break  into  islands.  Above  a  critical  energy  T2, 


particles  can  explore  out  to  X.2  ~  2  (see  Fig.  3).  It  is 
plausible  that,  for  extremely  intense  beams,  larger  collec¬ 
tive  mode  amplitudes  would  make  accessible  even  greater 
regions  of  phase  space. 

5  CONCLUSIONS 

We  have  explored  the  range  of  particles  capable  of  being 
expelled  from  the  beam  core  by  collective  mode  excita¬ 
tions,  and  the  maximum  radii  they  can  attain  as  KAM  sur¬ 
faces  are  successively  destabilized  with  increasing  pertur¬ 
bation  strength.  These  processes  occur  under  even  ideal 
conditions,  assuming  constant  transverse  focusing  force 
and  a  uniform-density  matched-beam  equilibrium. 
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Abstract 

A  proposed  theoretical  model  incorporates  in  an  averaged 
form  both  the  conventional  head-tail  effect  in  a  single 
bunch  (due  to  impedance  elements  in  the  machine),  and 
the  linear  part  of  the  coherent  beam-beam  interaction,  with 
the  account  of  the  finite  bunch  length. 

1  INTRODUCTION 

For  the  strong  head-tail  effect  in  the  beam-beam  system  we 
construct  here  an  averaged  version  of  the  space-time  do¬ 
main  formalism  [1,2],  aiming  at  clarity  and  solvability,  at 
the  sacrifice  of  localized  interaction  effects.  This  holds  in 
situations  when  all  the  mode  spectrum  of  interest  lies  far 
off  the  (halffinteger  tunes,  i.e.  for  machines  where  the  syn¬ 
chrotron  tune  and  collective  tuneshifts  are  much  less  than 
fractional  betatron  tune. 

Applied  to  strong-strong  collisions,  the  new  theory  pre¬ 
dicts  the  coherent  dipole  beam-beam  instability  of  head-tail 
type;  estimates  show  that  the  chromaticity  is  effective  in 
control  of  its  increments. 

2  CIRCULANT  EQUATIONS 

The  main  difficulty  of  multi-particle  models  in  the  space- 
time  domain  is  seen  already  in  the  educational  2-particle 
model  in  A.  Chao’s  text  [3]:  the  wake  acts  in  alternating 
mode  on  either  the  1  st  or  the  2nd  particle,  resulting  in  time- 
dependent  coefficients  in  the  equations  of  motion  even  with 
the  constant  wake. 

The  model  employed  in  [2]  and  here  is  not  based  on  real 
macroparticles  which  move  longitudinally.  It  considers  the 
synchrotron  phase  circle1  divided  into  N  fixed  equal  boxes 
with  fixed  longitudinal  position  in  the  bunch,  see  Fig.  1. 
These  boxes  are  uniformly  populated  with  particles  each 
carrying  its  transverse  dipole  moment. 


Figure  1:  Division  of  the  synchrotron  phase  into  boxes, 
populated  with  particles;  a)  3  divisions,  CE3  formalism; 
b)  2  divisions  for  the  CE2  formalism. 

A  variable  dipole  moment  di  is  ascribed  to  each  ith  box, 
i  =  1, . . . ,  N.  The  synchrotron  oscillation  just  transports 


the  dipole  moment  around  the  circle,  across  the  boxes,  and 
we  follow  variations  of  d,  in  each  box:  no  need  to  inter¬ 
change  the  boxes  when  evaluating  their  interaction. 

The  dipole  moments  obey  the  betatron  oscillation  equa¬ 
tion  in  the  Courant-Snyder  normalization,  with  the  cou¬ 
pling  in  the  RHS: 

di  -f-  LOfo  di  —  2  u)^Dik  dk  -  ( 1 ) 

Here  u>b  is  the  betatron  frequency,  the  machine  azimuth  is 
used  as  quasi-time,  and  the  dynamic  matrix  approxi¬ 
mates  the  integral  linear  operator  of  collective  interaction. 
First  of  all  we  use  the  ansatz  dt  =  aie~,tJb  1  +  c.c.  and  stan¬ 
dard  averaging  to  get  rid  of  a*  in  the  shortened  equations: 


i  di  —  D{k  Q>k  -  (2) 

N  complex  amplitudes  a*  of  oscillating  dipole  moments 
sitting  in  each  box,  form  a  complete  set  of  dynamic  vari¬ 
ables  of  the  averaged  problem.  In  fact,  a*  are  sampled  val¬ 
ues  of  the  continuous  function  of  the  synchrotron  phase  ip: 
at  =  a(ipi,  t),  its  total  time  derivative 


...  da  .  da  da  da 


should  be  represented  in  our  difference  equations  with  a 
correct  AT-point  approximation  of  da(ip,t)/dip  -4  7**0*. 
For  periodic  functions,  7  is  known  to  be  a  special  circu- 
lant  matrix ;  we  define  another  circulant  C  =  —iu>sj,  and 
finally  come  from  (2)  to  new  equations 

i  di  —  {Cik  3“  &ik  )  •  (3) 


In  what  follows  we  will  refer  to  Eqs.  (3)  as  Circulant  Equa¬ 
tions,  with  the  notation  CE3  and  CE2,  for  3  and  2  boxes, 
respectively.  Their  remarcable  feature  is  that  the  circulant 
matrix  C  responsible  for  the  free  synchrobetatron  motion, 
and  the  interaction  matrix  D  on  the  RHS  are  additive. 

The  synchrobetatron  mode  spectrum  emerging  from 
CE  should  first  be  checked  for  free  oscillation.  We  start 
with  N  =  3,  Fig.  la,  and  accordingly  define  the  proper 
mode  numbers  m  as  -1 , 0,  +1 .  The  3-point  circulant  is: 


(4) 


Substituting  for  the  proper  modes  a,(t)  =  Vie~lQt  in  (3), 
with  Dik  =  0,  we  find  the  mode  frequencies  Cl  and  eigen¬ 
vectors  v  from  the  eigensystem  of  C3  : 


1  For  the  needs  of  this  paper  the  hollow  beam  model  will  suffice,  i.e.  all 
the  particles  are  assumed  to  have  the  same  amplitude  of  the  synchrotron 
oscillation. 


Do  =  0,  v%  =  {  1,  1,  1  ); 

fi+1,-1  =  ±ws,  v+i  _!  =  (1,  e±2,n/3,  e±4W3)(5) 
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Indeed,  the  free  oscillation  mode  spectrum  comprises  the 
betatron  frequency  and  two  its  synchrotron  sidebands: 
Lib,  Vb  ±  ws.  Mind  that  all  frequencies  in  the  shortened 
equations  are  counted  from  w&,  e.g.  those  in  (5).  The 
mode  eigenvectors  v  give  sampling  of  the  Fourier  harmon¬ 
ics  etmv>,  with  m  =  +1,  0,  —1  (cf.  [3],  Eq.  (6.185)),  at  3 
equidistant  values  of  ipk  according  to  division  into  3  boxes. 

In  many  cases  coupling  of  only  two  modes  in  all  the 
spectrum  is  important,  those  with  the  least  separation  in 
frequencies.  N  —  2  boxes  (Fig.  lb)  then  suffice  to  repre¬ 
sent  them.  Coupling  of  these  two  modes  to  the  other  ones  is 
neglected.  Thus  we  come  to  the  extremely  simple  circulant 
equation  CE2,  where  free  motion  of  the  only  two  modes  in 
question  is  given  by  (3)  with  D  =  0,  and  the  2  x  2  circulant: 


Its  eigensystem  reads: 

^0,-1  =  0 ,  -us  ;  <_i  =  (  1,  ±1). 

The  mode  spectrum  here  consists  of  the  betatron  frequency 
Lib  and  only  one  sideband  Lib— with  exceptionally  simple 
mode  structure.  It  is  convenient  to  take  us  =  1  hereafter, 
i.e.  to  measure  all  the  frequencies  in  the  units  of  cjs. 

3  BEAM-BEAM  MODES 

Now  our  task  is  to  study  the  linear  coherent  dipole  beam- 
beam  oscillations  of  longitudinally  non-rigid  bunches  with 
finite  length  and  incoherent  synchrotron  motion.  We  have 
to  perform  the  same  division  into  boxes  in  the  both  collid¬ 
ing  bunches,  like  in  Fig.  1,  thus  the  set  of  variables  Oj  in 
(2)  is  duplicated.  All  the  matrices  of  the  previous  section 
have  to  be  replaced  accordingly,  i.e.: 


since  they  are  relevant  to  each  of  the  two  bunches. 

The  beam-beam  matrix  B  (written  for  2  boxes  in  each 
bunch)  represents  the  linearized  beam-beam  force: 

-2  0  1  1  \ 

0-211 
1  1-2  0  ’ 

1  1  0-2  / 

We  consider  here  equal  currents  7  in  each  bunch,  6  is  the 
beam-beam  tune  slope  in  units  of  the  synchrotron  tune, 
bl  =  t;/Qs,  £  is  the  conventional  beam-beam  parameter. 
Four  proper  modes,  doubly  degenerate,  are  given  by  the 
eigensystem  of  C  +  B: 


Ott)  fW 

=  267 

»&  =  (i.  1,-W), 

Ocr)  Q0<7 

=  0 

«&  =  (!,  1>  1,  1), 

-lo)  fl-io- 

=  67-1 

^  =  (1,-1,  L-l), 

-l7r)  fLi* 

=  67-1 

V-l*  =  (1,  "I,"!,  1)- 

In  the  basis  of  these  beam-beam  modes  all  the  matrices 
of  Section  4  are  blockwise  diagonal:  the  interaction  pre¬ 
serves  orthogonality  of  the  er-modes  subset  to  the  subset  of 
7 r  modes.  Thus  the  characteristic  equation  of  our  4-mode 
system  always  breaks  up  into  a  pair  of  quadratic  equations, 
in  CE2  formalism  (a  pair  of  cubuc  equations  in  CE3),  mak¬ 
ing  the  mode  analysis  so  clear. 

Finite  bunch  length  l  of  the  order  of  the  beta-function 
value  j3*  at  the  IP,  results  in  substantial  betatron  phase  slip¬ 
page  over  the  interaction  length.  We  include  this  effect  in 
the  phase  lag  parameter  y  (0  <  y  «  1/2/3*  <  1),  and 
modify  the  beam-beam  matrix: 

By  =  diag{l, e2~w,  1, e~2iy }  •  B  •  diag{l, e2,y,  1, e2,y}. 

Eigenvalues  of  C  +  By  give  the  new  mode  tunes2,  see 
(8)  with  w  =  0.  The  mode  coupling  results  in  repulsion 
between  the  mode  tunes;  they  are  always  real  and  never 
merge.  Thus,  no  instability  can  appear  in  this  beam-beam 
model,  unless  we  introduce  some  impedance  elements. 

4  BEAM-BEAM  INSTABILITY 

The  impedance  element(s)  inevitably  present  in  the  ma¬ 
chine  act  on  each  of  the  colliding  bunches  individually;  in 
CE2  formalism  they  are  plugged  in  the  wake  matrix  W, 
e.g.  for  the  constant  wake3  we  have: 

w=-f(o  !)®U  ?)■  <7> 

I  is  the  beam  current,  w  is  the  coherent  tune  slope. 

The  chromaticity  x  will  cause  the  chromatic  phase  lag 
2x  oc  ~x,  (cf.  [3],  Eq.  (4.88)),  of  the  trailing  box  oscilla¬ 
tion  with  respect  to  the  leading  one;  we  have  to  modify  the 
wake  matrix  accordingly: 

Wx  =  diag{l,  e~2ix,l,  e~2ix)-W  ■  diag{l,  e2ix  1,  e2“}. 

In  combination  with  the  beam-beam  interaction,  impedan¬ 
ce  elements  completely  change  the  situation.  Consider  first 
the  case  of  very  short  bunches,  y  «  1.  The  mode  tunes 
are  eigenvalues  of  C  +  B  +  W,  put  x  =  y  =  0  in  (8). 
The  beam-beam  tuneshift  results  in  reduction  of  the  modes 
Ocr,  —lcr  merge  threshold:  ( b  +  2 w)Ith  =  1,  the  closest 
one.  The  head-tail  +  beam-beam  problem  corresponding  to 
this  short  bunch  limit  was  studied  numerically  in  the  2x2- 
particle  model  [4],  predictions  on  possible  reduction  of  the 
head-tail  threshold  due  to  beam-beam  collisions  and  some 
of  the  results  agree  with  ours. 

The  betatron  phase  slippage  accounting  for  the  finite 
bunch  length  in  the  beam-beam  matrix  By  gives  a  new  in¬ 
stability,  when  acts  in  combination  with  wakes;  we  can  see 

2Saving  the  space,  we  omit  here  expressions  for  the  mode  tunes  since 
they  are  available  from  the  general  formula  (8)  presented  at  the  end  of 
Section  4,  being  its  particular  cases. 

3With  a  known  wake  function  other  than  constant  the  coefficients  in 
W  are  available  from  the  complete  theory  [2].  Or  they  may  be  considered 
as  phenomenological  coefficients,  to  be  tuned  to  fit  experimentally  known 
head-tail  parameters  for  a  particular  machine. 
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this  from  the  eigenvalues  of  C  4-  By  +  W  (put  x  =  0 
in  (8)).  Simple  analysis  shows  that  modes  Oct  and  —  l7r 
are  unstable  without  a  current  threshold,  as  if  in  conven¬ 
tional  head-tail  instability,  see  Fig.  2,  left.  However, 
their  increments  S  start  quadratically  at  low  beam  current: 

=  Imfi  «  bwl2  sin «/ cos  y;  =  Soa-iTt- 

Changing  our  normalized  units  to  ordinary  ones,  we  have: 
S  -4  u;aS,  bl  -4  i/Qs,  wl  -4  A Qcoh/Qs  and  rewrite  the 
increment  via  the  revolution  period  To: 

6  «  biu  I2  sin  y  cos  y  -4  2Tr^AQcoh/T0Qs. 


One  should  take  here  Qs  >  f ,  A Qcoh  large  enough,  to  stay 
in  the  validity  range  of  our  2-mode  model.  At  high  currents 
S  ~  u>a  roughly,  we  deal  with  a  fast  instability. 


Figure  2:  Effect  of  the  positive  chromaticity  on  the  mode 
increments  (plotted  vs.  the  beam  current)  for  combined  ac¬ 
tion  of  the  wake  and  betatron  phase  slippage  in  collision. 
Left:  x  =  0,  right:  x  =  -1.42.  Parameters  in  (8):  y  =  0.2, 
b  —  1.1,  w  =  1.  All  the  ct  modes  are  shown  in  thick  lines, 
7r  modes  in  thin  lines,  the  0  modes  in  green,  the  -1  modes 
in  black. 

Physically,  the  phase  slippage  is  somewhat  similar  to  the 
chromatic  phase  effect.  So,  the  chromaticity  tuning  gives 
us  a  possible  cure  of  this  instability.  The  chromatic  phase 
lag  x  is  involved  in  both  beam-beam  and  impedance  action, 
and  therefore  the  eigenvalues  of  C  +  Bx+y  +  Wx  are  now 
needed: 

n«hr,-i»  =  -1(1  -(36-u7)/T(l  +  6Je2i<*+*))i 

x(l  +  (be~2iy  -  2w)Ie~2ix)?) , 

x(l  -  (be~2iy  +  2 w)Ie~2ix)*) .  (8) 

Due  to  zero  sum  of  the  increments,  tuning  chromaticity  at  a 
given  phase  slippage  y  cannot  stabilize  all  the  modes,  when 
y  /  0.  However,  it  strongly  changes  the  increment  parti¬ 
tion:  at  positive  chromaticities  (x  <  0)  we  can  keep  the 
increments  of  the  both  a  modes  reasonably  small  in  a  cer¬ 
tain  range  of  currents,  see  Fig.  2,  right. 

Fig.  3  shows  how  strongly  absolute  values  of  the  decre¬ 
ments  depend  on  the  chromaticity  knob;  the  optimum 
where  the  ct  and  7 r  modes  both  have  small  decrements  dif¬ 
fers  for  the  cases  of  shorter  (Fig.  3,  top)  and  longer  (Fig. 
3,  bottom)  bunches,  and  varies  with  the  current.  An  overall 
trend  is  that  xopt  ~  —  1,  i.e.  an  elevated  positive  value  of 
the  chromaticity  would  help. 


Figure  3:  |Imfi|  vs.  the  chromatic  phase  x  at  two  fixed 
beam  currents  I,  left  column:  I  =  0.8,  right  column:  I  = 
1;  for  two  bunch  lengths  y,  top  row:  y  =  0.2,  bottom  row: 
y  =  0.5.  Other  parameters  are  the  same  as  in  Fig.  2.  All 
the  ct  modes  are  shown  in  thick  lines,  it  modes  in  thin  lines. 

5  CONCLUSION 

A  new  formalism  with  Circulant  Equations  predicts  sta¬ 
bility  of  coherent  dipole  oscillations  of  non-rigid  collid¬ 
ing  bunches  with  finite  length,  in  the  linear  beam-beam 
force  model.  Adding  wakefields  to  the  above  strong-strong 
model,  we  find  in  such  a  combination  a  new  beam-beam 
instability  of  head-tail  type,  arising  without  any  current 
threshold.  Its  possible  cure  is  the  positive  chromaticity. 

Indeed,  rather  large  positive  chromaticities  are  known 
to  help  in  improvement  of  the  beam-beam  performance  on 
existing  machines,  e.g.  VEPP-2M. 

Any  instability  found  in  a  linear  theory  is  not  necessarily 
lethal  for  a  highly  nonlinear  beam-beam  system.  The  am¬ 
plitude  growth  is  most  likely  to  saturate  at  a  certain  level, 
but  the  onset  of  the  instability  may  be  a  detriment  to.  a  low 
emittance  regime. 

Discussions  with  V.Parkhomchuk  who  has  drawn  my  at¬ 
tention  to  the  beam-beam  problem  with  non-rigid  bunches, 
are  gratefully  acknowledged. 
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Abstract 


^-functions  in  the  special  case  of  round  beams: 


The  flip-flop  effect  with  the  linearized  beam-beam  force  is 
formulated  through  self-consistent  /^-functions  and  equilib¬ 
rium  emittances  which  are  both  affected  by  collision.  We 
give  the  results  of  two  models  of  emittance  dependence. 
The  effect  of  finite  bunch  length  is  also  discussed. 

1  INTRODUCTION 

From  many  observations  of  the  beam-beam  effects  on  ex¬ 
isting  e+e~  colliders,  it  is  known  that  under  some  condi¬ 
tions  the  sizes  of  opposing  bunches  become  very  different. 
This  phenomenon  is  called  the  flip-flop  effect.  Such  a  state 
is  not  stable  and  the  bunches  may  exchange  their  sizes.  The 
flip-flop  effect  leads  to  reduction  of  the  luminosity,  because 
of  the  difference  in  bunch  sizes  resulting  in  reduction  of  the 
effective  interaction  area. 

The  problem  is  greatly  simplified  by  linearization  of  the 
beam-beam  force;  it  has  been  studied  in  terms  of  evolution 
of  the  2nd  moments  of  the  beam  distribution,  involving  the 
radiation  effects:  damping  and  quantum  excitation  [1, 2,  3]. 

Another  way  to  understand  this  problem  is  formulation 
in  terms  of  self-consistent  dynamic  /^-functions  of  collid¬ 
ing  beams  at  the  interaction  point(IP)  [4].  The  equilibrium 
emittances  of  the  bunches  are  affected  by  the  linear  part 
of  the  beam-beam  force:  action  of  the  opposing  bunch  is 
roughly  equivalent  to  insertion  of  a  (thin)  lens  modifying 
the  arc  lattice  [5],  So,  a  correct  account  for  these  dynamic 
emittance  variations  should  be  done  in  a  self-consistent 
way. 

This  paper  gives  results  of  the  self-consistent  model  for 
round  colliding  beams,  and  calculation  of  the  equilibrium 
radiation  emittance  with  the  thin  lens  insertion.  We  also 
discuss  the  simple  model  representing  the  bunch  length  ef¬ 
fect. 


b\  —  1  +  2  xc— — 

e2  e\ 

,•>  6,  ,6? 

b\  =  1  +  2xc—  —  x2—^  ■  (1) 

C\  ex 


The  problem  is  periodic  in  v  with  the  period  1/2,  therefore 
we  only  consider  0  <  v  <  1/2  in  what  follows. 

We  start  with  the  case  of  constant  emittances.  Unequal 
solutions  of  (1)  bi  correspond  to  the  flip-flop  situation. 
They  are  real  and  positive  when  v  £  (0, 1/4)  and  x  be¬ 
longs  to  the  interval: 


1 2  +  3c2  +  cVS  +  9c2 


2(1 +  c2) 


<  X  <  c 


+  vTT^ 


(2) 


For  v  £  (1/4, 1/2)  the  inequalities  should  be  reversed. 
Small  v  are  of  predominant  interest  for  a  high  beam-beam 
performance.  One  can  obtain  the  threshold  value  of  x  for 
small  i>  by  taking  the  limit  c  — )■  oo  in  the  LHS  of  (2): 
xth  —  \/3. 

This  is  a  very  large  and  unrealistic  value  of  x,  which 
corresponds  to  £o  —  0.26. 

Another  way  to  get  xth  is  the  graphical  method  [6],  ap¬ 
plied  to  (1):  we  consider  bi  as  function  of  b2,  and  evaluate 
the  derivative  db i  / db2  at  the  point  of  equal  6,- ,  thus  inspect¬ 
ing  a  possibility  for  unequal  solutions  to  appear.  Then  the 
flip-flop  threshold  x  =  xth  satisfies  the  equation: 


dbi 

db2 


=  -l, 


61=62 


(3) 


yielding  the  same  xth  as  in  the  LHS  of  (2). 

In  contrast  to  the  above  solution,  one  may  expect  a  non¬ 
round  flip-flop  state,  e.g.  a  cross-shaped  one:  b\x  = 
b2y ,  biy  =  b2x.  Using  (3)  we  obtain  this  threshold: 


2  SELF-CONSISTENT  /5-FUNCTIONS 

Consider  a  collider  lattice  with  one  IP  and  the  betatron 
phase  advance  on  the  arc  no  =  We  can  get  the  result¬ 
ing  matrix  of  one  revolution  M  =  M0  ■  F  multiplying  the 
arc  matrix  Mo  by  the  thin  lens  matrix  F,  involving  the  size 
of  the  opposing  bunch  and  its  intensity  expressed  through 
the  nominal  beam-beam  parameter  £o-  From  M  we  obtain 
new  values  of  n  and  /?-function,  modified  by  collision.  Let 
us  consider  equal  intensities  of  the  colliding  bunches  (equal 
6).  After  simple  calculations  [4],  using  a  convenient  no¬ 
tation:  x  =  27t£o,  c  =  cot  2 itv,  bi  =  /?* //?,-,  and  e,  for 
the  normalized  emittances  (here  i  =  1,2  refer  to  the  two 
bunches  in  collision),  we  get  equations  on  self-consistent 


4  +  5c2  +  c\/24  +  25c2 
2(1 +  c2) 

It  appears  to  be  even  higher  than  that  for  the  round  flip-flop 
state:  the  round  beam  shape  seems  to  be  “flip-proof’,  cf. 
[7]. 

3  RADIATION  EMITTANCE 

Assuming  the  emittances  unchanged  by  collision,  we  see 
from  the  above  section  that  the  flip-flop  thresholds  are 
rather  high  in  terms  of  £o- 

Let  us  now  evaluate  the  radiation  emittance  of  the  bunch 
with  a  thin  lens  insertion  at  the  IP,  representing  the  linear 
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effect  of  collision.  Zero  dispersion  at  the  IP  is  assumed  for 
simplicity. 

The  equilibrium  emittance  is  determined  by  the  one-turn 
average  of  the  Courant-Snyder  quadratic  form  with  the  dis¬ 
persion  function: 

H(s)  =  P(s)  rj'(s)2  +  2 a(s)  t?(s)t/(s)  +  t(«)  ■ 

The  lens  insertion  modifies  the  Twiss  parameters  involved 
in  H(s)  thus  changing  the  radiation  emittance.  In  the  Flo- 
quet  parametrization  H(s)  =  \W (s)|2,  the  appropriate 
Wronskian  reads: 


W(s) 


V(s)  w(s)  i<t> 

tj'(s)  w'(s)  +  i/w(s)  ’ 


and  the  modified  Floquet  function  w(s)  e’^  should  be  de¬ 
composed  via  the  basis  of  the  unperturbed  Floquet  vectors 
at  the  IP,  then  propagated  through  the  unperturbed  arc  to  get 
the  modified  vector  on  the  current  azimuth  of  integration  s. 
Thus  we  obtain  the  effect  of  collision: 


H(s)  1+pcot  27rv+pcsc  2?ri/cos2(arg  Wo(s)-Tri') 
Ho(s)  \/l  +  2pcot2?n/  —  p 2 


where  p  =  PP*  / 2  is  the  normalized  strength  of  the  lens, 
and  the  0  subscript  marks  the  quantities  relevant  to  the  un¬ 
perturbed  lattice. 

The  1  +  p  cot  2 rev  term  in  the  numerator  gives  positive 
definite  contribution  to  the  radiation  emittance,  and  com¬ 
pares  to  the  result  of  [5].  But  the  2nd  term,  proportional 
to  cos  2(arg  PFb(s)  ~  tri/),  depends  on  the  arc  lattice,  and 
generally  its  contribution  to  the  radiation  integral  does  not 
vanish.  It  may  well  override  the  effect  the  1st  term  in  some 
particular  lattices,  resulting  in  a  linear  slope  of  either  sign 
in  the  emittance  dependence  on  £o,  contradicting  to  [2,  5], 


4  MODELS  OF  EMITTANCE 
VARIATION 


where  D  =  4b2k  +  (1  +  (&i  -  62) A)2. 

Now  we  may  solve  the  problem  using  method  [6].  With 
k  >  0,  the  flip-flop  situation  appears  only  at  high  values 
of  x  =  2<0  (Fig  l)-  In  this  case  the  values  of  the  self- 
consistent  /^-functions  are  small  enough  and  the  emittances 
exceed  their  nominal  values. 


0.1  0.2  0.3  0.4  0.5 

k 


Figure  1 :  The  flip-flop  threshold  xth  vs.  the  positive  slope 
k  in  (5),  v  —  0.01  (top),  u  =  0.1  (bottom). 

The  case  k  <  0  is  more  interesting.  There  is  some  lim¬ 
iting  value  of  x,  which  depends  on  the  values  of  k  and  v. 
If  x  is  above  this  limit,  the  system  (5)  has  no  solutions. 
And  when  x  is  close  to  its  threshold,  there  is  a  range  of 
x,  where  (5)  has  two  different  solutions  with  equal  We 
may  avoid  this  situation  by  increasing  the  value  of  v.  Be¬ 
fore  x  approaches  its  maximal  value,  (5)  has  one  solution 
with  equal  b{. 

The  2nd  model:  we  assume  linear  variation  of  the  beam 
sizes  with  the  strength  of  the  lens  of  opposite  bunch.  After 
some  calculations,  this  model  is  expressed  by  equations 

ei  =  6i(l  +  kx— )2, 

£2 

e2  =  b2(l  +  kx— )2,  (6) 

ei 


We  can  implement  the  above  conclusion  in  simple  models 
of  variable  emittance,  to  be  used  jointly  with  (1)  for  the 
self-consistent  analysis. 

The  1st  model  assumes  the  linear  variation  of  emittance 
with  the  strength  of  the  lens  of  the  opposite  bunch:  we  have 
then  for  the  normalized  emittances: 


reducible  to  2  variables  ei/bi  and  e2/&2  only.  Hence,  we 
solve  (6)  for  these  and  substitute  into  (1)  to  obtain  solutions 
for  bi. 

The  resultant  of  two  equations  in  (6)  has  simple  factor¬ 
ization: 


62 

e\  =  1  +  k  — 

62 

e2  =  1  +  k— ,  (4) 

«i 

k  is  the  linear  slope  coefficient;  it  should  be  kept  not  too 
large  for  our  model  to  be  valid.  We  solve  (4)  for  e\  and  e2 
first,  substitute  these  solutions  into  (1)  to  obtain  two  equa¬ 
tions  on  the  two  variables  (61,  &2): 

b2  =  1  462x(c(1  +  -  b2)k  +  y/D)  -  b2x) 

1  (1  +  (&!  —  62)Ar  +  s/D)2 

2  _  46ij(c(1  +  (62  -  bi)k  +  \fp)  -  bix),^ 

2  ~  (!  +  (62  -  h)k  +  Vdy 


R  =  (e2  +  2 b2e2kx  +  b2k2x2  —  62e2Ar2ar2)  x 

(ef  —  b2e2  —  2b\e2kx  —  b\k2x2). 


The  first  factor  gives  two  solutions: 


(7) 


So,  for  k  >  0  the  flip-flop  threshold  is  high:  we  need  kx  > 
4  for  e i,2  to  be  real.  The  second  factor  in  R  has  one  real 
root,  if  k  >  0.  It  corresponds  to  normal  solution  61  =  f>2. 

Another  situation  is  in  the  case  of  k  <  0.  Now  (7)  are  al¬ 
ways  real  and  positive  and  correspond  to  the  flip-flop  solu¬ 
tions.  After  substitution  (7)  into  (1)  we  get  b\  2  and  require 


1525 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


that  they  be  positive;  this  yields  the  condition  on  existence 

of  the  flip-flop  solutions:  2 


x  <  x(k)  =  tan  7 tv  (cot  kv  +  l/k )2  ;  ianitv  <  —  k  . 

These  expressions  indicate  how  to  avoid  the  unwanted 
flip-flop  situation:  at  some  x  and  a  given  value  of  k  in  the 
linear  dependence  of  emittances,  we  may  raise  the  tune  to 
shift  it  in  the  area  of  only  equal  solutions,  crossing  the  flip- 
flop  border  shown  in  Fig  2. 


Betatron  Tune 


Figure  2:  The  flip-flop  threshold  xth  vs.  the  tune  v  in  the 
case  of  k  <  0  in  (6),  k  —  —0.8.  The  flip-flop  area  lies 
under  the  curve. 


5  EFFECT  OF  THE  BUNCH  LENGTH 

In  this  section  we  present  the  constant  emittance  model,  ac¬ 
counting  for  the  effect  of  bunch  length  in  collision  by  split¬ 
ting  either  of  the  colliding  bunches  into  2  equal  infinitely 
short  ones  spaced  by  l  (in  units  of  /30): 


The  interaction  process  then  has  three  phases:  1)  colli¬ 
sion  of  particles  2  and  3  at  the  IP;  then  2a)  collision  of  2 
and  1,  and  2b)  collision  of  3  and  4  at  the  points  positioned 
at  the  distance  of  1/2  from  the  IP;  finally,  3)  collision  of 
particles  1  and  4  at  the  IP.  All  values  of  the  Twiss  parame¬ 
ters  a  and  /?  for  each  particle  are  taken  at  the  IP  and  traced 
to  the  respective  collision  point. 

From  the  matrix  of  one  revolution  for  each  particle  M; 
(i  =  1..4)  we  get  the  new  values  of  the  phase  advance  //,  /3- 
and  a-functions  and  then  obtain  the  equations  on  the  self- 
consistent  /3-functions.  This  system  is  very  complicated 
and  can  only  be  studied  numerically.  The  first  conclusion: 
if  /  ^  0,  there  is  no  situation,  when  all  /3-functions  are 
equal.  We  have  the  state  in  our  system,  when  parameters  of 
front  and  back  particles  are  equal.  We  define  the  flip-flop 
situation  when  all  the  4  parameters  are  different;  the  thresh¬ 
old  for  these  solutions  to  appear  is  high  (Fig.3).  Therefore 
we  conclude  that  the  finite  bunch  length  effect  is  not  detri¬ 
mental  in  the  round  beam  case. 


1.8 

1.6 

1.4 

1.2 


Figure  3:  The  flip-flop  threshold  xth  vs.  /  in  the  model  of 
the  bunch  length. 

6  CONCLUSION 

The  flip-flop  effect  is  studied  in  terms  of  self-consistent 
/3-function  in  the  case,  when  the  emittances  of  colliding 
bunches  are  influenced  by  the  linear  part  of  the  beam-beam 
force.  Evaluation  of  the  radiation  emittance  of  the  bunch  is 
presented  in  the  case  of  one  additional  thin  lens  at  the  IP, 
with  the  emphasis  on  the  term  omitted  in  [5], 

We  have  presented  two  models  of  variable  emittances. 
One  of  them,  when  the  emittance  has  a  linear  dependence 
on  the  strength  of  the  lens  of  opposite  bunch,  gives  high 
flip-flop  thresholds  in  the  area  of  positive  slope  k  in  (4) 
and  no  but  equal  sizes  of  colliding  bunches  if  k  <  0  and 
the  beam  intensity  is  below  a  certain  limit.  The  second 
model  (6)  also  predicts  low  flip-flop  thresholds  only  when 
we  assume  k  <  0,  i.e.  the  size  of  the  bunch  is  decreased 
by  the  force  of  opposite  lens.  We  can  avoid  the  flip-flop 
situation  here  by  the  working  point  manoeuvre.  However, 
lattices  with  k  >  0  seem  to  be  generally  preferable  against 
the  flip-flop  effect. 

The  influence  of  the  bunch  length  on  the  flip-flop  effect 
thresholds  in  our  simple  model  is  weak. 

We  acknowledge  useful  discussions  of  the  subject  with 
P.M.Ivanov,  I.A.Koop,  I.N.Nesterenko  and  D.V.Pestrikov. 
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METHODS  AND  COMPLEX  OF  PROGRAMS  FOR  RADIATING 
PARTICLE  3DOF  NONLINEAR  DYNAMICS  ANALYSIS 

Y.Alexahin#,  JINR,  Dubna,  Russia 


Abstract 

The  Lie-transform  perturbation  theory  for  non- 
autonomous  non-Hamiltonian  systems  and  its 
implementation  in  a  complex  of  Mathematica  programs 
are  described.  On  the  example  of  LEP  108/90  lattice  the 
radiation  effects  are  shown  to  play  an  important  effect  on 
particle  stability  at  high  energies. 

1  INTRODUCTION 

To  meet  the  strict  requirements  on  the  beam  quality  and 
lifetime  in  high  energy  e+e'  rings  used  as  circular 
colliders,  synchrotron  radiation  sources  and  damping 
rings  of  linear  colliders,  a  tool  for  nonlinear  dynamics 
analysis  is  necessary  which  takes  into  account  the 
synchrotron  radiation  and  coupling  of  all  three  degrees  of 
freedom  in  the  presence  of  errors. 

An  efficient  tool  bringing  a  Hamiltonian  dynamical 
system  to  the  normal  form  with  the  help  of  the  Lie- 
transform  perturbation  theory  was  presented  in  [1],  It 
permits  to  evaluate  separately  contributions  of  various 
sources  of  nonlinearity  (kinetic  energy,  magnetic 
multipoles,  RF  field)  to  the  resonance  excitation  (with  a 
possibility  to  keep  some  multipole  strengths  in  symbolic 
form);  the  transformation  generating  function  being 
known  all  over  the  lattice  may  be  important  for  analysis  of 
the  off-resonance  "smear"  and  nonlinear  emittance 
production  in  the  case  of  weak  synchrotron  radiation. 

In  the  case  of  strong  synchrotron  radiation  (such  as 
LEP2)  the  dependence  of  the  radiation  reaction  force  in 
quadrupoles  on  the  transverse  coordinates  introduce 
strong  radiative  beta-synchrotron  coupling  [2]  which 
should  be  included  in  the  normalization  process.  The 
corresponding  generalization  of  the  Lie-transform 
perturbation  theory  is  outlined  in  the  present  report,  as 
well  as  its  implementation  in  a  complex  of  Mathematica 
notebooks  permitting  to  study  high  order  nonlinear  effects 
in  machines  as  complicate  as  LEP  or  HERA-e. 

2  PERTURBATION  THEORY 

2.1  Equation  of  motion  of  radiating  particle 

Introducing  6D  phase  space  column  vector  of  coordinates 
and  momenta 

2  =  (x,  px,  y,  py,  a,  8p)T  (1) 

and  Q-s/R  we  have  the  following  equation  of  motion 

2  =  4-2=  F  =  S-^-#  +  F<rad),  (2) 

do  oz 
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f  0  1 )  ,,, 

S  =  S2©S2®S2,  S2=^_1  QJ,  (3) 

which  is  driven  by  the  Hamiltonian  and  radiation  reaction 
£(rad),  which  can  be  decomposed  into  the  mean  (classical) 
and  fluctuating  (quantum)  parts  [3]: 

/,-<rad)  =  p<c>  +  /rW  .  (4) 

We  will  proceed  as  follows:  solve  for  the  nonlinear 
dynamics  in  the  Hamiltonian  and  classical  radiative  fields 
and  then  add  the  quantum  field,  Eq\  to  find  the 
distribution  of  an  ensemble  of  particles. 

2.2  Linear  normal  modes 

The  first  step  is  subtraction  of  the  finite  closed  orbit  due 
to  misalignments  and  (the  mean  part  of)  the  energy  losses 
(see  e.g.[4]).  We  assume  it  to  have  been  performed  so  that 
the  power  series  expansion  of  the  Hamiltonian  starts  with 
quadratic  terms  in  the  dynamical  variables,  whereas  the 
mean  part  of  the  radiative  force  starts  with  linear  terms. 

For  the  next  step  we  ignore  nonlinearities  and 
introduce  eigenvectors  w„  and  eigenvalues  Xn  of  the  1-tum 
transfer  matrix  M(2ti+0,  0).  They  form  three  complex 
conjugate  pairs  which  we  numerate  as  follows 

X„=exp[27t(j£>„~y„)],  Xn+l  =  Kn,  n  =  l,3,5  (5) 

Alternatively  we  will  use  Greek  indices  for  numbering  the 
normal  modes,  so  that  Q{  =  Qh  Q3  =  Q„,  Q5  =  Qnh  Q„,  <  0 
above  the  transition  energy. 

We  use  the  normalization 

vt£  •  S  •  =  i  (6) 

at  0=0  and  then  propagate  the  eigenvectors  so  that  to 
make  them  27t-periodic: 

w„(0)  =  ~  Y" )6  M(0, 0)  •  w„  (0) ,  (7) 

Using  the  eigenvectors  we  can  build  a  matrix,  W,  with  the 
elements  Win=(wj,)j  and  expand  the  phase  space  vector  as 
follows 

Z  =  W(0)  -  a  (8) 

The  6-tuple  of  the  coefficients 

a  =  {a,,  a, ,  a„ ,  a„ ,  am ,  a„, }  (9) 

may  be  regarded  as  a  new  phase  space  vector.  In  the 
absence  of  nonlinearities 

with  f  being  the  initial  values  of  the  action  variables  of 
the  linear  normal  modes. 

2.3  Nonlinear  normalization 

In  the  presence  of  nonlinearities  we  may  use  (8)  just  as  a 
linear  change  of  variables  after  which  the  equation  of 
motion  becomes 

a  =  A<0)  •  g  +  R(c)  (a,  0;  e),  (11) 
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where  A<0)  is  a  diagonal  matrix  with  elements  A(0)w  = 
iQk  -  lb  vector 

—  - 1 _ — _ 1.T  d  - \  ,  /"ION 


R{c)  =eW'!-[S-(W')T 


'  da  *hot 


+  F<c)  1 

T  —hot  J 


includes  terms  of  order  2  in  a  and  higher  (subscript  “hot” 
standing  for  higher  order  terms),  e  is  the  perturbation 
parameter  (introduced  here  in  the  simplest  way). 

We  may  try  to  treat  the  nonlinear  problem  (11)  with 
the  method  of  averaging  [5]  which  does  not  involve 
canonical  transformations,  however  it  is  not  convenient 
for  practical  calculations  in  higher  orders  in  the 
perturbation  parameter. 

In  the  Hamiltonian  case  there  is  an  efficient  Lie- 
transform  based  algorithm,  Deprit’s  algorithm  (see  e.g. 
[6]),  which  in  principle  permits  to  perform  calculations  to 
an  arbitrarily  high  order  in  an  automated  way.  Here  we 
present  its  generalization  for  the  non-Hamiltonian  case. 

Let  us  look  for  a  continuos  set  of  transformations 

A  =  A(a,e;e)  =  f(a,e;e)a,  T(a,6;  0)  =  I,  (13) 
which  renders  equation  of  motion  in  the  new  dynamical 
variables 

A  =  G(  A,  0;  e),  G( A,  0;  0)  =  A<0)  •  A,  (14) 
as  simple  as  possible.  Defining  the  transformation  by  the 
equation 

^A(fi,0;e)  =  v(A(a,0;e),0;e).  (15) 

V  being  called  a  Lie-dragging  field,  we  obtain  the 
equation  for  the  inverse  operator 

ir'=-4r\  |  (,6) 

Arbitrary  vector  fields  are  transformed  with  the  help  of 
the  matrix  operator 

=  d7) 

da 

which  satisfies  the  equation 

^#-'=-4#-',  4c/  =  4i/-4v=-4v,  (is) 

The  Lie-dragging  field  V  is  related  to  the  original  and 
new  vector  fields  by  the  following  basic  equation  [1] 

^v+4,v=|g»-r'|r>.  <>9> 


which  in  principle  permits  to  find  V  for  a  given  G<c)  or 
vice  versa.  But  it  is  not  clear  in  advance  for  which  G(c) 
solution  of  (19)  may  exist.  Perturbation  theory  allows  to 
specify  G(c>  in  the  process  of  normalization  so  as  to  assure 
existence  of  the  (formal)  solution. 

Expanding  everything  in  power  series 

v = y  —  v  g<c) = y — g(c)  f,c> = y — f<c)  (20) 

n=0  n’  n=0  n  ’  n=l  n' 

we  can  reduce  general  equation  (19)  to  the  following  set 
of  homology  equations 


— Vn  +4  V=  Gf  -  R^l  +  I„ 


where 


2. =|{(;:,,)4.^-»-("»i')^u}. 

Eqs.(21)  for  the  autonomous  system  (5/50=0)  were  first 
obtained  by  Kamel  [7].  In  the  Hamiltonian  case  they 
reduce  to  Deprif  s  equations  [6]. 

Introducing  unit  6-vectors  e,  with  the  components 
(ej)k  -  8,*  we  can  build  the  vector  basis  functions 

— i.m  =  ekU =  (Irf  - o  ^,a,(22) 

i  i 

to  solve  eqs.(21)  by  expansion  in  them.  We  may  set  Gjc) 
to  zero  unless  (RrJc)  -  2„)  contains  a  term  with  the  basis 
function  which  eigenvalue  is  close  to  an  integer  times  f, 
these  being  the  detuning  (m2i  =  m2i. i,  i  *  k,  =  ma.]  -1) 
and  the  resonance  terms.  The  corresponding  Fourier 
harmonics  of  such  terms  should  be  added  to  Gjc)  to  avoid 
small  denominators  in  V„. 

If  no  close  resonance  is  encountered  in  the  orders  of 
interest,  we  will  obtain  in  the  result  of  the  normalization 
process 

G(C)(A,  0;  e)  =  A(IA,P ,  I  A,/,  I  A,,/;  e)  •  A,  (23) 
where  A  is  again  a  diagonal  matrix  independent  of  0. 
Having  solved  eq.(14)  for  A,  we  can  transform  back  to  the 
original  variables  as  follows: 

a-t~A;'(A,e).  a-'  =  a,  (24) 

n=0  **•  «*1  ' 

2.4  Distribution  of  radiating  particles 

Let  us  now  consider  the  fluctuating  part  of  the  radiative 
field  £q)  as  a  perturbation  of  the  deterministic  motion. 
Transforming  and  expanding  it  on  the  analogy  of  the 
classical  radiative  field  in  (12),  (20)  (note  that  expansion 
in  e  now  starts  with  zero  order)  we  can  project  it  onto  the 
normal  form  coordinates  A  by  the  following  recursion 
scheme: 

eiq)=«s:+i(:)4;u.  jc =-ifc)4J^,-(25) 

m= 1  j- 1 

In  the  result  of  this  projection  additional  nonlinear 
transverse  components  of  the  fluctuating  force  can  appear 
from  the  longitudinal  component  enhancing  diffusion  in 
the  transverse  planes. 

To  find  particle  distribution  in  the  phase  space,  f,  one 
should  resort  to  the  Fokker-Planck  equation  which  has  the 
standard  form  [3]  in  the  complex  variables  as  well. 

With  known  J  we  can  obtain  the  true  emittance  of 
nonlinear  normal  modes,  £tl<true)  =  <I'V2>,  anc^>  w*t^ 
help  of  (24),  the  apparent  emittance  of  linear  normal 
modes,  e^<app)  =  <la^l2>,  related  to  the  observable  beam 
characteristics  via  eq.(8). 

3  COMPLEX  OF  PROGRAMS 

The  described  above  theory  was  implemented  in  a 
complex  of  Mathematica  notebooks  (see  Fig.l).  One 
group  of  the  notebooks  perform  symbolic  computations 
and  generate  analytical  expressions  for  subsequent 
numerical  calculations. 
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Another  group  of  the  notebooks  find  linear 
eigenvectors  with  radiation,  components  of  the  Lie¬ 
dragging  field,  resonance  and  diffusion  coefficients  for  a 
particular  lattice.  As  the  starting  point  it  uses  the  closed 
orbit  due  to  imperfections  and  classical  radiation  and  the 
linear  eigenvectors  of  the  Hamiltonian  motion  around  it 
computed  by  MAD  [8].  Employing  Mathematica  for 
numerical  calculations  permits  to  operate  with  nonlinear 
element  strengths  in  symbolic  form  which  may  be 
convenient  for  determination  of  the  multipole  correctors 
strength.  At  present  the  treatment  is  limited  to  the  second 
order  effects  in  the  thin  lens  approximation. 

4  LEP2  108/90  LATTICE 

The  lattice  with  phase  advances  in  the  arc  cells 
\ij\iy=  108790°  was  once  considered  as  a  strong 
candidate  for  LEP  operation  at  the  highest  energy. 
However  some  problems  were  encountered  with  this 
lattice  tested  at  the  beam  energy  of  86  GeV:  sporadic 
onsets  of  particle  losses  and  by  almost  a  factor  of  three 
larger  vertical  emittance  than  expected  from  the  linear 
theory  (0.5  nm  vs.  0.2nm).  Though  the  large  vertical 
emittance  (but  not  particle  losses)  was  obtained  also  in 
simulation  by  quantum  tracking  with  MAD  [9],  the 
physics  is  not  still  clear.  To  get  an  insight  the  developed 
methods  were  applied  for  the  particular  misaligned  lattice 
used  in  [9]. 


resonance 

lv,  P 

1  Vj  P 

1  v,  P 

&-0V-I&I 

2.76 

2.41 

1.50- 106 

0V-2I2J 
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6.11 

(i-DG,- a 

42.6 

- 

1.55107 

(1-D0V-0, 

- 

205. 

5.02- 10s 

Table  1  presents  for  some  resonances  squared  absolute 
values  of  the  first  order  Lie-dragging  field  components 
averaged  over  the  arcs.  One  can  see  that  the  influence  of 
the  transverse  motion  on  the  longitudinal  one  is  much 
stronger  than  vice  versa,  which  is  a  manifestation  of  the 
radiative  beta-synchrotron  coupling  [2],  Also,  the  nearest 
to  the  working  point  2, =102.280,  Qy=96.192,  \QS\=QAQ1 
synchro-betatron  resonances  appear  too  weak  to  produce 
noticeable  vertical  emittance. 
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928  +  4949  / 

-127  +  1124/ 

-0.02  +  8.5  / 

The  second  order  perturbation  theory  gives 
dependence  of  the  tunes  and  damping  rates  on  the 
oscillation  amplitudes.  Table  2  presents  derivatives  of 
A,,  =  i'2n  -  Yn  w.r.t.  the  action  variables  of  the  nonlinear 
normal  modes  7V.  Due  to  large  derivative  3Re(A///)/37/  the 
longitudinal  damping  fails  at  7/  =2.9  pm.  Though  this 
value  exceeds  the  dynamic  aperture  (-2.5  |tm),  the 


weakened  longitudinal  damping  can  contribute  to  particle 
losses  at  smaller  7/. 
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Figure  1.  Structure  of  the  complex  of  programs. 
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Abstract 

Analytical  expressions,  in  presence  of  skew  quadrupoles 
errors,  have  been  derived  to  estimate  the  betatron 
coupling  contribution  to  the  vertical  beam  size  and 
emittance  [1].  The  treatment  of  the  betatron  coupling  is 
based  on  the  matrix  transport  perturbation  and  related 
eigen  vectors.  The  advantage  of  this  approach  is  to  be  free 
of  the  usual  resonant  approximation  and  to  allows  a 
compact  formulation  of  the  vertical  emittance.  In  addition, 
this  approach  gives  a  fast  analytical  statistical  analysis. 
From  this  analytical  expressions,  we  propose  a  new 
scheme  of  the  betatron  coupling  correction  also  based  on 
the  closed  cross  orbit  correction  [2],  This  method,  called 
local  cross  orbit  correction,  improve  the  correction  of  the 
betatron  coupling  with  few  judicious  measurements  [3],  It 
allows  also  to  fully  uncoupled  the  beam  locally  on  the 
lattice. 


Noting  AZj  the  vertical  kick  in  j,  A<j>q  the  tilt  of  the 
quadrupoles  and  Azs  the  vertical  misalignment  of  the 
sextupoles,  we  have  for  the  vertical  corrected  closed  orbit 
and  the  vertical  spurious  dispersion  in  i : 

wi,h  C-=c-J  +  Xc'.dt 

j  cor 

D=  =  XcU(2KLD),AO,  -(KL)„z“] 

quad 

+  Xc*(2SLD)s[Azs+z[:0]-zf0 

sext 

Cy  is  the  vertical  response  matrix  from  j  to  i.  We 
generalize  this  response  matrix  Cy  including  the  sum  over 
the  correctors  :  each  element  dJC  represents  the  value  of 
the  corrector  c  induced  by  the  default  j.  K,  S,  L  and  D  are 
respectively,  the  strength  of  the  quadrupoles,  sextupoles, 
their  length  and  the  horizontal  unperturbed  dispersion. 


1  INTRODUCTION 

The  third  generation  synchrotron  machine  are  designed 
with  a  very  small  beam  emittance  to  produce  very  high 
brilliance  beams  of  synchrotron  radiation  in  the  VUV  and 
soft  X-ray  regions.  This  requires  relatively  strong 
focusing,  and  magnet  errors  will  therefore  introduce  large 
distortions  in  closed  orbit  (C.O.)  as  well  as  residual 
dispersion  and  large  betatron  coupling.  To  achieve  these 
performances  we  need  to  control  the  coupling  value, 
define  by  the  ratio  of  the  vertical  emittance  6Z  by  the 
horizontal  emittance  Ex,  in  a  range  from  few  0.1  %  to 
about  10  %.  We  have  studied  the  correction  of  the 
spurious  vertical  dispersion  and  betatron  coupling  on  the 
SOLEIL  [4]  and  ESRF  [5]  machine  from  an  analytical 
and  statistical  point  of  view,  using  the  BETA-LNS  code. 

2  COUPLING  SOURCES 

The  vertical  emittance  is  generated  in  two  ways,  directly 
when  a  photon  is  radiated  in  a  region  where  there  is 
nonzero  vertical  dispersion,  or  by  betatron  coupling 
between  the  two  planes  horizontal  and  vertical.  This  two 
sources  of  vertical  emittance  are  induced  by  the  presence 
of  misalignment  errors  and  by  the  resulting  closed  orbit. 


To  derive  a  complete  analytical  formulation  of  the  beam 
envelop  and  emittance  induced  by  betatron  coupling 
between  the  two  transverse  planes  in  presence  of 
synchrotron  radiation,  we  study  the  eigen  vectors  of  the 
one  turn  transport  coupled  matrix.  After  a  tedious 
calculation,  we  find  that  we  could  simply  estimate 
analytically  the  coupling  K  in  presence  of  misalignment 
by  the  means  of  the  vertical  dispersion  and  the  two 
complex  function  A  and  B  with  [1] : 


K  =  , 


r(sinp+)2|B|2+(sinpJ2|A|2  (  U,1 

2 

[  M  T 

(4sinp+  sinp_)2  e® 

8sinp+  sinp. 

n  _  M-x  and  „  _  |£x _ Hx 

2  2 

fj.  and  £°  are  the  tune  and  the  horizontal  emittance. 
Using  the  same  notation  than  for  the  spurious  dispersion, 
with  j3  and  <p  the  optical  function  and  phase  advance,  the 
two  complex  functions  A  and  B  are  : 


quad 

+  SVMrei(^+<pJ(2SL)s[Azs  +z“] 

sext 
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B  =  AOq  ] 

quad 

+  S#Xei(^',pJ( 2SL)s[azs  +z“] 

sex! 


u3  is  the  second  invariant  at  four  dimension  (Courant  and 
Snyder  invariant)  in  average  in  the  bending  magnets.  This 
term  is  function  of  A,  B  and  the  vertical  dispersion. 

Once  we  have  develop  the  dispersion  and  the  two  function 
A  and  B  over  the  errors,  it  is  straight  forwards  to  estimate 
their  rms  and  mean  values.  The  coupling  K  being  a 
quadratic  function  of  the  errors,  its  mean  value,  <K>,  can 
be  expressed  in  function  of  the  square  standard  deviation 
of  the  errors  [1], 


In  summarize,  the  relevant  items  concerning  the  betatron 
coupling  are : 


1.  All  the  quantities  such  as  the  tree  moments  and  the 
vertical  emittance  induced  by  the  betatron  coupling 
are  only  dependent  of  the  tow  functions  A  and  B  and 

•their  respective  complex  conjugates  A*  and  B  .  They 
are  the  generating  functions  of  the  linear  betatron 
coupling. 

2.  All  the  cross  terms  of  the  one-turn  transverse 
transport  matrix  T  are  only  dependent  of  A  and  B  and 
their  complex  conjugates  A*  and  B*. 

3.  This  four  functions  A,  B,  A*  and  B*  are  s  dependent 
(along  the  lattice)  and  are  independent  one  to  each 
other.  We  need  at  least  also  four  skew  correctors  to 
cancel  them  in  one  location  in  the  lattice.  If  we  cancel 
this  four  functions  on  one  point,  we  have  : 

=>  an  uncoupled  one  turn  transport  matrix  T 
=>  an  uncoupled  beam  matrix  (or  optical  functions) 
=>  the  two  vertical  and  horizontal  emittances  are 
equal  to  their  respective  invariant 

4.  The  two  quantities  B/  A/.  are  the  sum  of 

/sm|A_  ’/sin^ 

all  the  coupling  resonances. 

5.  Near  the  two  resonnances,  the  K  coupling  tend  to  : 


=>  difference  resonance  ( 2\i_  =|ix  -|X2  — »  2n7t ) 


K  -» 


B' 


(sin  11 J2 


1  +  — 

J, 


■  sum 


resonance  ( 2\i+  =  |xx  +jxz  — >  2n  n ) 


K-» 


K 


(sin|i+)2 


1  +  - 


6.  The  two  quantities  Ja|  and  |jB|2  are  constant  along 

the  lattice  except  at  each  skew  errors  (or  correctors), 
where  they  have  a  jump.  This  jump  tends  to  cancel 
near  the  resonance. 


3  COUPLING  CORRECTION 

In  order  to  correct  the  coupling,  we  have  to  reduced  the 
two  sources  of  vertical  emittance  :  the  vertical  dispersion 
and  the  betatron  coupling.  In  both  case  the  correctors  are 
skew  quadrupoles.  The  vertical  dispersion  is  corrected  at 
each  Beam  Plot  Monitor  (BPM)  using  a  Singular  Value 
Decomposition  (SVD)  in  a  similar  manner  than  the  closed 
orbit.  In  addition  we  prospect  few  techniques  to  correct 
simultaneously  the  betatron  coupling.  The  principal 
difficulties  in  correcting  the  betatron  coupling  is  to  be 
able  to  estimate  and  to  measure  his  contribution  to  the 
vertical  emittance.  Actually,  among  others,  two  schemes 
used  to  correct  the  betatron  coupling  are  :  correction  of 
the  two  resonances,  sum  and  difference,  and  correction  of 
Cross  Talk  Orbit  (OCT)  at  each  BPM  (closed  orbit 
induced  by  the  kick  of  a  steerer  in  the  other  plane  via  the 
skew  errors  [2]). 

The  resonance  correction  need  to  shift  the  tunes  to  set  the 
machine  on  the  two  resonances.  It  is  generally  not 
sufficient  to  reach  the  desired  coupling.  From  the 
analytical  point  of  view,  it  corresponds  to  correct  the  two 
square  modules  of  the  functions  A  and  B  (items  4  and  5) 
once  the  tunes  are  shifted.  The  OCT  corrections  tend  to 
improve  the  coupling  correction,  but  the  relation  between 
the  OCT  and  the  coupling  was  not  clear  [5].  It  could  be 
shown  that  there  is  only  a  one  way  relation  between  a 
segment  of  the  Cross  Orbit  induced  by  a  steerer  and  the 
two  generating  functions  A  and  B.  The  concerned 
segment  is  the  part  of  the  orbit  near  the  steerer  free  of 
skew  errors  (figure  1).  This  relation  is  no  longer  valid 
elsewhere. 


For  a  better  targeting  of  the  betatron  coupling,  one  can 
only  correct  the  cross  orbit  at  the  nearest  BPM  from  the 
steerer  (one  steerer  one  BPM).  At  best,  if  there  is  no  skew 
errors  between  the  BPM  and  the  steerer  (both  located  on 
the  same  straight  section  for  instance),  one  will  correct  the 
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betatron  coupling  via  the  correction  of  the  cross  orbit 
(item  1) . 


generating  functions,  A  and  B,  of  the  betatron  coupling 
(item  1). 


To  test  this  new  technique  of  correction,  we  compared  the 
mean  resulting  coupling  of  the  four  betatron  correction 
methods : 

1.  Theoretical  via  direct  correction  of  the  square  module 
of  A  and  B  in  each  dipoles,  named  AB. 

2.  The  tow  resonances  correction,  named  RES. 

3.  All  the  OCT  correction  at  each  BPM,  named  OCT 

4.  All  the  OCT  corrected  only  at  the  nearest  BPM,  a 
Local  Cross  Talk  Orbit  (LOCT)  correction,  named 
LOCT. 

on  the  SOLEIL  (table  1)  and  ESRF  (table  2)  machine.  In 
each  case,  we  correct  a  weighted  function  of  both 
dispersion  and  betatron  coupling  using  one  of  the  above 
technique  varying  the  number  of  correctors.  In  order  to 
simplify  the  computation,  we  only  set  tilted  quadrupoles 
(2.1 04  rad  rms)  and  sextupoles  vertical  displacement 
(1.1  O'4  m  rms).  Without  any  correction,  the  mean  coupling 
of  the  SOLEIL  and  ESRF  machine  are  respectively  of  1 .4 
10'2  and  17.  Iff2. 


4 

8 

16 

AB+Disp 

0.75  Iff2 

0.18  102 

0.63  10‘3 

RES+Disp 

0.76  Iff2 

0.20  Iff2 

0.16  10'2 

LOCT+Disp 

0.78  Iff2 

0.22  Iff2 

0.15  Iff2 

OCT+Disp 

0.91  102 

0.33  10'2 

0.22  10‘4 

Table  1  :  Mean  coupling  on  SOLEIL  for  the  four  schemes 
of  correction  versus  the  number  of  skew  correctors. 


16* 

16** 

32 

AB+Disp 

0.62  Iff2 

0.26  Iff2 

0.41  Iff2 

RES+Disp 

4.00  Iff2 

0.32  Iff2 

0.10  10'2 

LOCT+Disp 

0.72  10'2 

0.28  Iff2 

0.64  10'3 

OCT+Disp 

2.50  10'2 

0.36  Iff2 

0.88  Iff3 

Table  2  :  Mean  coupling  on  ESRF  for  the  four  schemes  of 
correction  versus  the  number  of  skew  correctors. 
♦Standard  corrector  setting  **  New  corrector  setting  [6] 


One  observes  that  the  LOCT  correction  improve  by  20  to 
30  %  the  coupling  correction  compared  to  the  OCT 
scheme.  In  the  first  case  on  the  ESRF  machine  one  gets  an 
improvement  of  a  factor  3.5  (from  2.5  to  0.72  %).  An 
other  advantage  is  to  notably  reduce  the  amount  of  data  to 
handle  by  only  using  one  BPM  per  steerer.  For  instance 
on  the  SOLEIL  machine,  if  one  wants  to  correct  the 
vertical  closed  cross  orbits  induced  by  the  48  horizontal 
steerers  at  the  112  BPM,  the  number  of  constraints  is 
48x1 12=5376.  By  using  one  BPM  per  steerer,  the  number 
of  constraints  is  reduced  to  only  48.  This  improvement  of 
the  coupling  correction  came  simply  from  the  fact  that,  by 
locally  correcting  the  Cross  Orbit  we  correct  the 


An  other  application  of  the  one  way  relation  between  the 
Cross  talk  Orbit  and  the  two  functions  A  and  B,  is  the 
possibility  to  fully  uncouple  the  beam  (item  4)  (and  the 
one  turn  transport  matrix  (item  3)).  By  correcting  the 
Cross  Orbit  induced  by  two  steerers  on  two  BPM 
judiciously  localized  (figure  2),  we  get  four  constraints 
(function  of  A  and  B)  that  can  be  cancelled  with  four 
skew  correctors. 


A  numerical  test  of  such  a  Cross  Orbit  correction  on  the 
SOLEIL  machine  with  four  correctors  effectively  cancel 
the  local  coupling  as  well  as  the  one  turn  transport  matrix. 

4  CONCLUSION 

From  a  complete  analytical  treatment  of  the  betatron 
coupling,  we  proposed  a  new  technique  of  the  coupling 
correction  based  on  the  local  cross  talk  orbit 
minimization.  By  simply  correct  the  cross  orbit  to  the 
nearest  BPM  from  the  active  steerer,  we  improve  notably 
the  reduction  of  the  coupling  induced  by  the  betatron 
coupling  by  a  better  targeting  of  the  correction.  An  other 
advantage  of  this  technique,  is  to  reduce  the  amount  of 
constraints  to  handle. 
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Abstract 

The  lengthening  of  the  trajectory  is  determined  by  the  mo¬ 
mentum  compaction  factor  a  and  the  betatron  oscillation 
contribution  term  When  the  first  order  term  of  the 
momentum  compaction  factor  c*i  is  small,  the  second  or¬ 
der  term  0.2  and  have  to  be  included  in  the  longitudi¬ 
nal  equations  of  motion.  In  this  case,  the  RF  bucket  form 
changes  and  the  energy  acceptance  can  be  significantly  re¬ 
duced.  This  leads  to  a  decrease  in  Touschek  beam  lifetime. 
In  this  paper  we  show  that  the  value  of  a.2  in  the  standard 
low  emittance  lattice  of  SOLEIL  is  large  and  can  reduce  the 
energy  acceptance  of  the  machine.  We  discuss  the  magni¬ 
tude  of  this  reduction  and  the  difficulties  encountered  in 
minimizing  the  value  of  a.2  in  the  case  of  a  low  emittance 
lattice.  We  also  show  that  the  lengthening  of  the  trajec¬ 
tory  induced  by  horizontal  and  vertical  betatron  oscillations 
vanishes  when  the  chromaticities  are  corrected  to  zero. 


1  INTRODUCTION 

In  a  storage  ring,  the  Touschek  relevant  energy  acceptance 
may  be  determined  by  the  RF  bucket  momentum  height, 
by  the  physical  aperture  or  by  the  dynamic  aperture  associ¬ 
ated  with  off  momentum  particles  if  the  induced  amplitude 
after  a  Touschek  scattering  event  exceeds  one  of  these  two 
transverse  limits.  In  the  case  of  the  SOLEIL  project,  a  great 
effort  has  been  made  to  increase  the  dynamic  aperture  for 
off-momentum  particles  leading  to  a  transverse  energy  ac¬ 
ceptance  of  up  to  ±  6  %  [1],  The  Touschek  beam  lifetime 
calculations  take  into  account  the  higher  order  effects  in 
energy  which  become  important  for  such  large  values  [2]. 
The  use  of  superconducting  cavities  with  a  peak  voltage 
fixed  at  3.8  MV  insures  a  longitudinal  energy  acceptance 
larger  than  ±6%.  Nevertheless,  this  value  was  determined 
using  the  first  order  momentum  compaction  factor,  a\ ,  thus 
assuming  that  the  other  momentum  factor  terms  are  neg- 
ligeable.  In  our  case,  the  second  order  term  of  the  momen¬ 
tum  compaction  factor  (*2  is  significant  and  must  be  consid¬ 
ered  in  the  equations  of  longitudinal  motion.  The  expected 
problem  is  that  the  synchrotron  motion  being  nonlinear,  the 
buckets  become  asymmetric  which  can  reduce  the  RF  en¬ 
ergy  acceptance  and  therefore  the  Touschek  beam  lifetime. 


*  Work  supported  by  CNRS-CEA-MENESR. 
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2  NONLINEAR  LONGITUDINAL 
MOTION 


The  momentum  compaction  factor  is  defined  as  the  rela¬ 
tive  change  in  orbit  path  length,  with  relative  particle 
energy,  : 

(1) 

ao 

where  po  is  the  momentum  of  the  reference  particle  and  Z0 
the  length  of  the  reference  orbit. 

The  expression  for  particle  position  contains  betatron  os¬ 
cillation,  closed  orbit  distortion  and  off  momentum  orbit 
terms : 

x  =  xp  +  xCo  +  r)  iS  +  t]2S2  +  ...  (2) 

r)i  and  r)2  are  respectively  the  first  and  the  second  order 
terms  of  the  dispersion  function.  Assuming  that  xco  ~  0., 
the  resulting  variation  in  orbit  length  with  energy  (up  to  the 
second  order)  and  betatron  amplitudes,  can  be  written  in 
the  following  way : 


AZ 

Zo 


AC 

Co 


+  a\5  4-  ct2<52 


where 

AC 

Co 


-5/<7  +  ?>* 


(3) 

(4) 

(5) 


is  the  term  representing  lengthening  effects  due  to 
betatron  oscillations,  ai  and  0:2  are  respectively  the  first  and 
the  second  order  terms  of  the  momentum  compaction  fac¬ 
tor. 

The  longitudinal  motion  equations  including  these  terms 
can  then  be  written  as  : 


dip  re  c2  AC, 

—  —  —  urf[a\5  +  026  +  -q-\ 

dS  eVr  t  r  .  .  . 

Tt  =  -gflamv-a-vJ 


(6) 


they  can  be  derived  from  the  following  Hamiltonian  : 


,  AC,  62  63 

H{5,ip)-=—8  +  ax~  +  a2-^+  (7) 

jg/r  (cos  <P  ~  cos  Ps  +  (<P~  Ps)  sin  ips) 
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where  u)rf  is  the  angular  frequency  of  the  RF  cavity,  VT / 
is  the  RF  peak  voltage,  E  is  the  particle  energy  and  T  the 
revolution  period,  ips  and  ip  are  respectively  the  phases  of 
the  reference  and  the  test  particles. 

In  the  case  where  a2  ^  0  and  ^  Owe  obtain  two 
stable  fixed  points  and  two  unstable  fixed  points  which  cor¬ 
respond  to  the  existence  of  a  second  zone  of  stability  in  ad¬ 
dition  to  the  well-known  stable  linear  RF-bucket.  Accord¬ 
ing  to  the  values  of  a2  and  the  synchrotron  diagram 
presents  different  aspects,  particularly  the  separatrices  are 
no  longer  symmetric  in  +<5  and  —6  [3], [4], 

3  THE  CASE  OF  THE  SOLEIL  OPTICS 

The  small  beam  emittance  is  obtained  by  increasing  the 
amount  of  horizontal  focusing.  The  dispersion  in  the 
bending  magnets  is  then  very  small  and  consequently  we 
find  naturally  small  values  of  a\ .  At  its  nominal  energy, 
2.5  GeV,  the  lattice  has  a  horizontal  emittance  of  3  nm.rad. 
In  this  case  ot\  is  about  4.722  x  10-4  and  using  the  values 
of  the  sextupoles  corresponding  to  the  optimized  dynamic 
aperture  the  value  of  the  a2  term  is  about  4.513  x  10-3. 

Figure  1  shows  the  longitudinal  phase  space  diagram 
corresponding  to  these  two  values  but  assuming  that 


RF  phase  [radians] 


Figure  1:  Longitudinal  phase  space. 

We  can  see  that  the  effect  of  a2  is  important.  The  RF- 
bucket,  centered  around  S  =  0.,  is  asymmetric  in  energy, 
the  upper  limit  is  at +5.2  %(|  |)  and  the  lower  limit  is  at 

-10.5  %  (-|  |).  The  impact  of  this  asymmetry  can  be  un¬ 

derstood  by  inspecting  figure  2  which  shows  the  dynamic 
and  physical  apertures  calculated  as  a  function  of  S.  We 
recall  that  in  the  linear  case,  the  RF  bucket  height  is  about 
±  6  %.  In  figure  2,  one  can  see  that  a  particle  with  an  en¬ 
ergy  deviation  of  +6  %  is  still  inside  the  lowest  transverse 
aperture  (the  vacuum  chamber  aperture)  when  its  energy 
deviation  changes  to  -6  %.  Unfortunately,  the  low  value  of 
Qi  renders  significant  the  contribution  of  the  term  a2  and 


the  synchrotron  motion  becomes  in  fact  nonlinear.  A  parti¬ 
cle  with  a  positive  energy  deviation  of  +5.2  %  for  example 
can  be  lost  because  its  separatrix  can  bring  it  to  a  negative 
energy  deviation  as  high  as  -10.5  %. 


Figure  2:  Horizontal  dynamic  and  physical  acceptances  as 
a  function  of  S. 


The  energy  acceptance/Touschek  lifetime  module  of  the 
BETA  code  [5],  described  in  detail  in  [2]  has  been  modi¬ 
fied  to  take  into  account  the  non-linear  synchrotron  motion. 
Instead  of  assuming,  as  we  did  in  [2]  that  a  particle  having 
been  Touschek  scattered  to  5  will  oscillate  between  6  and 
-S  during  one  synchrotron  period,  we  now  calculate  the 
mapping,  by  integration  of  the  longitudinal  equations  (6), 
from  6  to  the  maximum  opposing  energy  Smax(5)  which 
occurs  one  half  synchrotron  period  later.  Expression  (3)  of 
[2]  then  becomes : 


min  lmin[Aphys(5),Adyn  (£)]}.  (8) 

O  £[<z,Om£l;e  V*/J 


We  also  take  into  account  the  asymmetric  longitudinal  ac¬ 
ceptance  which  is  determined  during  the  process  of  calcu¬ 
lating  6max(5). 

Figure  3  presents  the  results  for  the  energy  acceptance 
along  one  period  of  the  ring.  The  corresponding  value  of 
the  Touschek  beam  lifetime  is  about  26  hours  instead  of 
40.5  hours  in  the  linear  case  .  This  calculation  is  performed 
for  multibunch  operation  using  the  following  parameters  : 
the  bunch  current  is  1.26  mA,  the  horizontal-vertical  cou¬ 
pling  is  0.01  and  the  natural  bunch  length  is  11.6  ps. 

To  reduce  synchrotron  motion  nonlinearity  and  thus  re¬ 
cuperate  some  extra  beam  lifetime,  we  must  reduce  the 
value  of  a2  .  The  expression  giving  this  term  shows  that, 
due  to  the  77J2  contribution,  a2  is  always  positive  in  a  linear 
machine,  rjo  can  be  made  positive  or  negative  with  sex¬ 
tupoles  and  can  compensate  the  term  r^2.  The  adjustment 
of  a2  by  the  sextupoles  can  be  made  as  follows  : 


Aa2 


ASrg 

lo 


(9) 
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Figure  3:  Energy  acceptances. 

where  A S(m~2)  is  the  change  in  the  sextupole  strength, 
7/i  (m)  is  the  horizontal  dispersion  at  the  sextupole  and 
lo(m)  is  the  orbit  length.  Even  if  we  take  the  sextupole 
(S4)  [1],  where  the  dispersion  is  maximum  (0.27  m),  its 
efficiency  in  reducing  a2  is  small.  As  an  example,  increas¬ 
ing  the  strength  of  the  16  type  S4  sextupoles  by  a  factor 
2  would  reduce  a2  by  only  a  factor  2,  which  is  not  nearly 
enough  to  restore  the  linearity  of  the  longitudinal  motion. 
The  objective  is  to  reduce  the  term  a2  while  compensat¬ 
ing  the  two  transverse  chromaticities  and  obtaining  a  very 
good  dynamic  aperture.  This  seems  to  be  extremely  diffi¬ 
cult  in  the  case  of  a  very  low  emittance  lattice  for  which 
the  dispersion  is  low  and  the  circumference  is  large.  Up 
to  now,  we  have  not  performed  an  exhaustive  study  in  this 
direction. 


Secondly,  in  a  linear  machine  (i.e.  sextupoles  and  higher 
multipoles  off),  the  betatron  motion  can  be  represented  by 
Xfs(s)  =  \/ao/3x(s)  cos<px(s).  Introducing  this  expression 


and  its  derivative  into  formula  (4),  one  can  easily  obtain  an 
average  value  for  the  term  ^2  which  is  in  this  case  always 
positive : 


AC 

Co 


<7x> 


(12) 


During  the  injection  of  the  beam  or  after  a  Touschek  colli¬ 
sion  for  example,  the  particle  can  undergo  large  amplitude 
betatron  oscillations,  the  combination  of  equations  (1 1)  and 
(12)  gives  an  upper  limit  to  xg. 

This  could  have  been  a  problem  without  the  fortunate  ef¬ 
fect  of  chromatic  sextupoles.  In  fact,  using  the  BETA  code, 
we  have  calculated  the  variation  of  ^2  as  a  function  of  the 
amplitude  xg  for  the  case  where  the  two  transverse  chro¬ 
maticities  are  corrected  to  zero.  In  contrast  to  the  linear 
case,  the  average  value  (over  several  turns)  of  ^2  is  very 
near  to  zero.  The  analytical  developments  taking  into  ac¬ 
count  the  presence  of  sextupoles  corroborate  perfectly  the 
simulations  performed  with  the  BETA  code  which  show 
that  the  term  ^2  is  on  average  zero  when  the  transverse 
chromaticities  of  a  storage  ring  are  corrected  to  zero.  In 
fact  the  analytical  result  gives  in  this  case  the  following  ex¬ 


pression  : 


—  ft  ~~^~\^sextupoles  +  ^quadrupoies] 

□  P 


where  £ quadrupoies  is  the  natural  chromaticity  of  the  ring 
and  Sextupoles  is  that  due  to  the  chromatic  sextupoles. 
As  is  well  known  a  zero  chromaticity  corresponds  to 


£ quadrupoies  '  £ sextupoles  —  0. 


5  CONCLUSION 


4  EFFECT  OF  THE  TERM  £2 

CO 

When  ^2  /  0,  the  longitudinal  equations  (6)  have  the 
following  stable  fixed  points  : 


*«— 55*=*= 


(10) 


whose  locations  depend  on  the  value  of  the  betatron  ampli¬ 
tude  and  the  closed  orbit.  In  order  for  the  fixed  points  to  be 
real  we  must  require : 


AC  o|_ 
Co  <  4a2  ’ 


—  <  1.235  x  HT5  (11) 
Go 


First,  we  can  determine  the  maximum  RF  frequency 
variation,  by  taking  into  account  the  well-known  rela¬ 
tion  AO  _  and  using  expression  (11),  we  can 

see  that  there  is  a  limit  for  -f-j-  <  0.  This  limit  is 
|  Afrf  |<  4.3  kHz. 


Because  of  the  very  low  emittance,  the  effect  of  a2  is  sig¬ 
nificant  in  the  SOLEIL  lattice.  It  reduces  the  Touschek  life¬ 
time  by  a  factor  1.5.  Although  the  correction  of  a2  term 
seems  to  be  difficult  in  such  lattice,  further  reflexions  on 
how  to  reduce  its  effect  are  needed. 
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Abstract 

The  <t>-factory  DAONE  is  an  electron-positron  collider 
with  a  design  luminosity  of  5.2*1032  cm-2  s'1  at  the  en¬ 
ergy  of  the  <h-resonance  (1020  MeV  c.  m.)  [1],  In  order  to 
achieve  the  design  luminosity  high  current  multibunch 
electron  and  positron  beams  are  stored  in  two  separate 
rings  and  collide  in  two  common  interaction  regions. 
Since  the  beams  arrive  at  the  interaction  points  from  the 
different  rings,  a  careful  longitudinal  timing  and  precise 
transverse  scan  of  the  colliding  bunches  are  necessary  to 
optimize  the  collider  luminosity.  In  this  paper  we  describe 
luminosity  measurement  techniques  adopted  in  DAONE, 
discuss  measures  aimed  at  maximizing  the  luminosity  in 
the  beam-beam  collisions  and  report  the  achieved  results. 
The  experimental  data  are  compared  with  the  results  of 
numerical  simulations. 

1  INTRODUCTION 

We  describe  DAONE  beam-beam  performance  optimiza¬ 
tion  at  the  commissioning  stage  before  the  installation  of 
the  experimental  detectors.  A  beam-beam  interaction  study 
at  this  stage  was  necessary  to  check  and  calibrate  all  the 
luminosity  measurement  set-ups,  to  study  and  apply 
methods  and  techniques  for  luminosity  improvement  and 
to  demonstrate  DAONE’s  capability  of  achieving  the  high 
luminosity  goals  in  both  the  single  and  multibunch 
modes.  In  Section  2  we  describe  the  main  set-ups  used  for 
the  luminosity  measurements  such  as  the  single  brems- 
strahlung  and  the  beam-beam  tune  split  detectors.  Section 
3  deals  with  the  techniques  and  methods  applied  to  opti¬ 
mize  the  luminosity  performance.  In  particular,  longitudi¬ 
nal  timing,  transverse  scanning  and  the  phase  jump  proce¬ 
dure  are  discussed.  Finally,  the  results  achieved  so  far  in 
both  single  and  multibunch  beam  interaction  modes  are 
given  in  Section  4. 

2  LUMINOSITY  MEASUREMENTS 

The  DA<t>NE  luminosity  monitors  [2]  (see  Fig.  1)  are 
based  on  the  measurement  of  the  photon  production  in  the 
single  bremsstrahlung  (SB)  electromagnetic  reaction  at  the 
interaction  point  during  the  collisions.  Among  other  pos¬ 
sible  reactions,  SB  has  been  selected  for  DAd>NE  since  its 
high  counting  rate  allows  to  perform  “on  line”  luminosity 
measurements  which  are  very  useful  during  machine  tune- 
up.  Moreover,  the  sharp  SB  angular  distribution  signifi¬ 
cantly  simplifies  the  geometry  of  the  detector  and  makes 
the  counting  rate  almost  independent  from  the  position 
and  angle  of  the  beams  at  the  Interaction  Point  (IP). 


Figure  1 :  Schematic  layout  of  the  luminosity  monitor. 


The  detector  is  a  proportional  counter  consisting  of  al¬ 
ternated  layers  of  lead  and  scintillating  fibers  with  photo¬ 
multiplier  read-out.  The  charge  signal  from  the  photo¬ 
multiplier  is  proportional  to  the  photon  energy.  The  data 
acquisition  system  provides  energy  analysis  and  photon 
counting. 

The  main  background  affecting  the  measurement  is  due 
to  photons  from  bremsstrahlung  on  the  residual  gas  (GB). 
This  contribution  is  statistically  subtracted  by  measuring 
the  GB  rate  while  beams  are  longitudinally  separated, 
obtaining  the  SB  counting  rate  N  and  the  luminosity: 


L  =  F 


N 


®max 

j  dE  i  dn  SB 

Ef  Qy 


dEXl 


where  Emax  is  the  maximum  photon  energy;  g$b  is  the 
SB  theoretical  cross  section;  Elj  is  the  solid  angle  covered 
by  the  detector,  defined  by  a  collimator  placed  in  front  of 
the  proportional  counter.  The  minimum  photon  energy  Ej 
accepted  by  the  system  is  found  by  a  calibration  procedure 
using  the  GB  spectrum. 

The  direct  luminosity  measurements  with  the  luminosi¬ 
ty  monitors  were  supported  and  cross-checked  by  the  co¬ 
herent  tune  split  measurements  which  allow  to  estimate 
the  space  charge  tune  shift  parameters.  The  fractional  part 
of  the  vertical  and  horizontal  tunes  were  measured  simul¬ 
taneously  in  both  the  positron  and  the  electron  rings  dur¬ 
ing  the  beam-beam  collisions. 

The  betatron  tunes  are  measured  by  exciting  the  beam  at 
RF  frequency  with  transverse  stripline  kickers  and  measur¬ 
ing  the  beam  response  in  the  excitation  plane  with  a 
transverse  pick-up.  Two  different  setups  have  been  adopted 
to  perform  the  tune  measurements:  in  the  first  one  a 
Network  Analyzer  HP  4195A  (10  Hz  -  500  MHz)  RF 
output,  amplified  up  to  100  W  by  class  A  amplifiers, 
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provides  the  sweeping  excitation.  The  horizontal  and 
vertical  coherent  beam  response  is  picked-up  by  strip  line 
pairs  and  detected  with  the  Network  Analyzer.  In  the 
second  system  the  other  beam  is  excited  with  white  noise 
and  the  beam  oscillations  signal,  from  a  dedicated  beam 
position  monitor  (BPM),  is  sent  to  a  Spectrum  Analyzer 
(HP  70000  system)  operating  in  zero  span  (detector) 
mode.  The  Spectrum  Analyzer  IF  output  is  down- 
converted  with  a  HP  89411  module  and  processed  by  a 
real  time  FFT  analyzer  HP  3587S. 

The  knowledge  of  the  tune  shift  parameter  con¬ 
tributes  to  the  luminosity  evaluation  from  the  following 
expression: 


2 re  Py 


( 


1  +  - 


k 


‘X) 


Here  the  beta  function  at  the  IP  fiy  is  found  from  lattice 
measurements;  the  beam  size  ratio  is  measured  by  the 
DAONE  synchrotron  light  monitors  [3]  while  the  number 
of  particles  per  bunch  Np  is  calculated  from  the  current 
measured  by  a  DCCT.  The  results  from  the  two  kinds  of 
measurement  are  in  agreement. 

3  LUMINOSITY  OPTIMIZATION 

For  the  collider  commissioning  two  provisional 
Interaction  Regions  (IR)  with  seven  conventional 
quadrupoles  were  installed  in  the  experimental  pits.  One 
of  the  quadrupoles  is  placed  at  the  IP.  Such  a  scheme 
allows  to  reduce  the  machine  chromaticity. 

The  beam  orbit  measurements  in  the  IRs  are  performed 
by  seven  BPMs  distributed  along  each  IR.  Since  the  posi¬ 
tion  of  both  beams  is  measured  by  the  same  monitors, 
monitor  offsets  cancel  out.  One  of  the  BPMs  in  each  IR 
is  installed  at  the  IP  position.  This  simplified  beam  su¬ 
perposition  and  beta  functions  measurements  at  the  IP 
during  collision  tuning.  Averaging  over  100  BPM  read¬ 
ings  provided  precise  beam  position  measurements  in  the 
IRs  with  a  standard  deviation  below  10  jam. 

In  order  to  achieve  high  luminosity  the  longitudinal  and 
transverse  positions  of  the  two  beams  must  be  adjusted  to 
provide  maximum  overlap  at  the  IP.  Moreover,  the  waists 
of  the  vertical  beta  functions  should  be  the  same  for  the 
two  rings  and  coincide  with  the  crossing  point.  Since  the 
IP  is  not  a  symmetry  point  of  the  machine,  the  tuning  of 
the  IR  optics  has  been  done  iteratively  to  obtain  symmet¬ 
ric  beta  functions  with  equal  minima  for  the  two  rings. 

The  longitudinal  overlap  of  colliding  bunches  at  the 
nominal  IP  has  been  synchronized  by  monitoring  the  dis¬ 
tance  between  the  combined  signals  of  the  two  beams  on 
two  sets  of  symmetric  BPMs  on  either  side  of  the  IP.  The 
final  precise  longitudinal  timing  has  been  achieved  by 
varying  the  RF  phase  of  one  of  the  two  beams  in  order  to 
maximize  the  luminosity  monitor  signal. 

In  Figure  2  we  can  see  an  image  from  the  luminosity 
monitor  showing  the  counting  rate  as  a  functions  of  time 


(full  scale  is  equal  to  10  min.).  The  dip  in  the  counting 
rate  corresponds  to  the  beam  separation  obtained  with  an 
RF  phase  change. 

Closed  orbit  bumps  in  the  IR  with  four  correctors  have 
been  applied  to  adjust  angle  and  displacement  at  the  IP  and 
overlap  the  beams.  Bumps  have  been  also  used  to  separate 
vertically  the  beams  in  one  of  the  IRs  when  colliding  in 
only  one  IP.  In  the  horizontal  plane  the  crossing  angle 
has  been  set  to  be  25  mrad  and  the  horizontal  orbit 
displacement  has  been  adjusted  to  be  much  smaller  than 
the  horizontal  beam  size  of  2. 1  mm  at  the  IP.  Since  the 
vertical  beam  size  is  much  smaller  than  the  horizontal  one 
(~  20  pm),  fine  tuning  of  the  vertical  orbit  has  been  per¬ 
formed  by  changing  the  position  at  the  IP  in  steps  of 
5  pm  and  the  angle  in  steps  of  50  prad.  The  optimal 
collision  configuration  has  been  found  by  scanning  the 
beam  in  the  vertical  plane  looking  for  maximum 
luminosity  monitor  signal. 


Figure  2:  Luminosity  monitor  output. 


It  has  been  observed  that  during  injection  in  the  colli¬ 
sion  mode  the  intensity  of  the  beam  being  injected  satu¬ 
rated  below  the  nominal  level.  This  has  been  explained  by 
the  fact  that  the  injected  bunch  performs  both  longitudinal 
and  transverse  oscillations  during  a  time  comparable  with 
the  radiation  damping  one.  Such  a  bunch  interacting  with 
an  opposite,  already  stored  bunch,  looses  current.  A 
“phase  jump”  procedure  has  been  adopted  to  fix  this  prob¬ 
lem  [4],  Initially,  the  two  bunches  are  injected  into  non¬ 
interacting  RF  buckets  in  order  to  avoid  beam-beam  inter¬ 
actions  during  accumulation.  Then,  when  the  nominal  in¬ 
tensity  is  reached,  the  stored  bunches  are  brought  into  col¬ 
lision  by  changing  rapidly  the  phase  of  one  of  the  two  RF 
cavities.  In  this  way  the  orbit  length  in  one  of  the  main 
rings  is  changed  for  a  short  time  to  cancel  the  initial  lon¬ 
gitudinal  separation  of  the  bunches.  If  the  phase  shift  is 
performed  with  a  fast  ramp  (of  the  order  of  few  syn¬ 
chrotron  oscillation  periods)  the  bunch  follows  the  RF 
phase  and  no  synchrotron  oscillations  are  excited.  The 
procedure  has  proved  to  be  efficient  in  both  single  and 
multibunch  collision  modes.  The  highest  luminosity  val¬ 
ues  reached  so  far  have  been  achieved  by  applying  the 
“phase  jump”  technique. 
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4  NUMERICAL  SIMULATIONS  AND 
EXPERIMENTAL  RESULTS 

During  commissioning  it  was  decided  to  run  on  the  work¬ 
ing  point  (5.15;  5.21)  situated  farther  from  integers  than 
the  one  (5.09;  5.07)  proposed  earlier  [5].  This  choice  was 
based  on  beam-beam  numerical  simulations  with  the 
LIFETRAC  code  [6]  and  dictated  by  several  reasons  taken 
into  account  during  machine  start  up.  Among  these: 

(a)  closed  orbit  distortions  are  less  sensitive  to  machine 
errors  for  working  points  situated  far  from  the  integers; 

(b)  the  second  order  chromaticity  responsible  for  the 
parabolic  tune  variation  as  a  function  of  the  particle  mo¬ 
mentum  deviation  is  much  smaller  for  these  points;  j 

(c)  the  dynamic  aperture  is  large  enough  for  this  woo¬ 
ing  point  even  without  switching  on  the  dedicated  sex- 
tupoles  for  the  dynamic  aperture  correction; 

(d)  it  is  easier  to  correct  machine  coupling  during  the 
initial  operation  when  the  vacuum  pressure  is  higher  than 
the  design  value  of  10’9  Torr. 

According  to  the  numerical  simulations,  the  maximum 
luminosity  in  single  bunch  collisions  which  can  be 
reached  on  this  working  point  without  remarkable  beam 
blow  up  is  2.2*  1030  cm"2  s'1  [7].  This  value  corresponds 
to  tune  shift  parameters  £x>y  of  0.03.  The  equilibrium 
density  contours  on  this  working  point  are  shown  in 
Fig.  3  (b). 


Figure  3:  Equilibrium  density  in  the  normalized  betatron 
amplitudes  space.  Adjacent  contour  levels  are  at  a  constant 
ratio  Ve. 


As  it  can  be  seen,  the  tails  of  the  distributions  are  well 
within  the  machine  dynamic  aperture,  which  is  10  crx 
times  70  ay  for  a  machine  coupling  of  1%.  Experimental¬ 
ly,  a  good  lifetime  and  the  present  maximum  achieved 
single  bunch  luminosity  of  1.6*1030  cm'2  s"1  have  been 
reached  at  this  working  point.  The  measured  luminosity  is 
somewhat  smaller  than  that  predicted  numerically  since 
the  collisions  have  been  performed  at  somewhat  lower 
currents  with  smaller  tune  shift  parameters. 

The  results  of  all  single  bunch  luminosity  measure¬ 
ments  during  different  machine  shifts  are  shown  in  Fig.  4, 
where  the  luminosity  is  given  as  a  function  of  the  product 
of  the  electron  times  positron  bunch  currents.  The  dashed 
line  shows  the  luminosity  calculated  with  the  design  pa¬ 
rameters  at  the  same  currents. 


We  have  performed  a  luminosity  scan  changing  the 
tunes  around  the  working  point  (5.15;  5.21)  with  steps  of 
0.01  in  both  horizontal  and  vertical  directions.  The  exper¬ 
imental  results  are  in  a  good  qualitative  agreement  with 
the  numerical  ones.  For  example,  an  increase  of  the  hori¬ 
zontal  tune  from  5.15  to  5.16  resulted  in  a  substantial  in¬ 
crease  of  the  horizontal  beam  size  observed  on  the  syn¬ 
chrotron  light  monitor  while  the  lifetime  was  improved, 
in  agreement  with  the  simulations.  In  fact,  for  the  point 
(5.16;  5.21)  (see  Fig.  3  (c))  the  beam  core  is  blown  up 
horizontally  and  the  vertical  distribution  tails  are  shorter 
than  for  the  point  (5.15;  5.21).  In  turn,  by  decreasing  the 
vertical  tune  to  5.14  a  sharp  degradation  of  the  lifetime 
was  observed,  as  foreseen  from  the  tail  growth  predicted 
numerically  in  Fig.  3  (a). 


Luminosity  (cmA-2sA-l) 


Figure  4:  Measured  luminosity  versus  beam  current. 


Only  two  days  were  dedicated  to  multibunch  beam  col¬ 
lision  operation.  During  these  days  a  luminosity  in  the 
range  of  1031  cm"2  s"1  was  obtained  by  accumulating 
about  200  mA  in  13  bunches  in  each  beam  and  applying 
the  “phase  jump”  procedure.  Just  a  first  attempt  has  been 
made  to  collide  the  bunches  at  the  two  IPs  simultane¬ 
ously.  The  reached  luminosity  per  IP  was  lower  than  in 
the  single  IP  configuration.  At  present,  a  simulation 
study  [7]  has  been  performed  to  find  optimal  working 
conditions  for  two  IP  interactions  and  the  lattice  adjust¬ 
ments  have  been  prepared  for  the  next  shifts  with  two  ex¬ 
periments  in  DAONE. 
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COMPUTING  TRANSFER  FUNCTIONS  OF  MULTIPOLE  DEVICES 
DIRECTLY  FROM  MAGNETIC  FIELD  DATA,  INCLUDING  FRINGE 
FIELD  EFFECTS  AND  HIGHER  ORDER  ABERRATIONS 


R.M.G.M.  Trines1,2,  J.I.M.  Botman2,  S.J.L.  van  Eijndhoven1 
H.L.  Hagedoom2,  T.J.  Schep3 


Abstract 

The  scalar  and  vector  potentials  of  a  magnetic  multipole 
device  are  described  in  terms  of  magnetic  field  measure¬ 
ments  gathered  on  either  a  cylindrical  surface  or  a  median 
plane  [1].  Fringe  field  effects  and  multipole  contributions 
of  arbitrary  order,  as  well  as  the  discrete  nature  of  the  field 
measurements,  are  taken  into  account.  This  description  has 
been  used  to  calculate  the  transfer  function  of  the  device, 
directly  in  terms  of  the  field  measurements.  The  method  as 
described  in  this  paper  can  be  applied  to  single  beam  guid¬ 
ing  elements  as  well  as  to  clusters  of  elements,  and  can  be 
extended  to  calculate  the  transfer  function  for  a  complete 
beam  line  setup  or  a  storage  ring.  The  accuracy  of  the  re¬ 
sults  is  only  limited  by  the  accuracy  of  the  field  measure¬ 
ments. 


f  d2u  1  du  1  d2u  d2u 
I  gr 2  r  dr  r2  dip2  +  dz2 


{  u(l,tp,z)  =  U(tp,z)  onT. 

In  order  to  have  a  unique  solution  to  this  problem,  we  have 
to  impose  the  additional  conditions 


'  lim  u(r,  tp,  z)  =  C±  <  oo. 

z~*=Loo 

< 

,  0  <  r  <  1, 

(5) 

lim  uz(r,tp,z)  =  0, 

0  <  r  <  1. 

|z|->oo 

Here,  C+  and  C-  are 

constants  such 

that 

iim^-j-oo  u(r,  tp,  z)  =  C±.  For  non-solenoidal  fields  (no 


(^-independent  terms),  we  have  C±  =  0.  In  practical  cases, 
the  conditions  (5)  will  always  be  satisfied. 


1  INTRODUCTION 

From  Maxwell’s  equations  for  the  static  electromagnetic 
field,  we  find  that,  for  a  magnetic  field  B  in  a  region  with¬ 
out  free  charges  or  currents,  there  exists  a  scalar  potential 
u,  and  a  vector  potential  A,  satisfying: 

grad  u  =  B  —  curl  A,  (1) 

A  u  =  0,  (2) 

curl  curl  A  =  0.  (3) 

— *  — ♦ 

The  vector  potential  A  will  be  chosen  such  that  div  A  =  0. 

In  this  case,  we  have  A  A  =  0. 

We  apply  these  equations  to  the  magnetic  field  inside  a 
magnetic  multipole  device  which  has  the  z-axis  as  its  cen¬ 
tral  axis.  Our  region  of  interest  G  is,  in  cilindrical  coordi¬ 
nates,  given  by:  G  :  0  <  r  <  R,  —  n  <  tp  <  ■k,  — oo  < 
z  <  oo,  with  boundary  r  :  r  =  R.  Here,  R  >  0  is  a  con¬ 
venient  maximal  radius  of  the  multipole  device,  e.g.  the 
aperture  radius.  We  assume  u  to  be  known  at  T,  and  in¬ 
troduce  dimensionless  coordinates  r*  =  r/R,  z*  =  z/R. 
The  potential  problem  for  u  is  then  given  by  (we  drop  the 
stars  for  convenience): 


'Eindhoven  University  of  Technology,  Den  Dolech  2,  P.O.Box  513, 
5600  MB  Eindhoven,  The  Netherlands,  Department  of  Mathematics  and 
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2Eindhoven  University  of  Technology,  Department  of  Applied  Physics 
3FOM  Institute  for  Plasma  Physics  “Rijnhuizen”,  P.O.Box  1207, 3430 
BE  Nieuwegein,  The  Netherlands 


2  FIELD  DESCRIPTION 


The  general  solution  to  (4)  can  be  expanded  into  2m-pole 
contributions  [1]: 

00  d 

u=^2  Jm(r— )(Am(z)  cos(mtp)  +  Bm(z)sm(mtp)), 
771=0 

while  the  associated  vector  potential  A  is  given  by: 

°°  ^ 

Ar  =  Jm+i(r—)(Bmcos(mtp)  -  Amsin(mip)), 

771=1 

°°  d 

Jm+iir^iAmCOsim^+BmSminup)), 

771=0 

°°  d 

Az  =  Jm{r-){-Bm  cos(m<p)  +  Am  sin(m<£)). 


The  functions  Am  (z)  and  Bm  (z)  are  to  be  determined  from 
the  boundary  conditions  at  r  =  1.  Let  Vm(z)  and  Wm(z ) 
denote  the  Fourier  coefficients  of  U(<p,  z),  then 

d  f00 

Jk(r-^)Am(z)  =  J  9m{r,z-  QVm{C)dC  (6) 


A  similar  result  holds  for  Jk(r-A)Bm(z).  The  basic  fun- 
cion  z)  is  given  by 


h(ur) 

Im(u) 


ik~meiuzdu. 


Any  field-related  quantity  can  be  expressed  in  the  same 
manner  as  the  potentials  by  differentiating  or  integrating 
this  basic  function. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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3  FITTING  THE  MULTIPOLE  FIELD 

3.1  Boundary  conditions  known 

In  practice,  we  obtain  approximations  of  Vm  or  its  deriva¬ 
tives  by  interpolating  a  discrete  set  of  measurements  by  a 
piecewise  constant  or  linear  function.  First,  assume  Vm 
is  piecewise  constant.  Then  there  are  pairs  (A i,Zi)  with 
Aj  =  0  such  that  U'm  =  Yhi  A»5(z  —  Zi).  Then,  after 
integration, 

Mr~)Am(z)  =  Y^XiG^(r,z- Zi),  (7) 

i 

where  Gkm{r,z)  =  gkm{r,  QdC  If  Vm  is  supposed 
to  be  piecewise  linear,  then  U "  —  A iS(z  -  Z{ ),  in 

which  case  we  need  to  replace  G^(r,  z)  by  Gkn{r,  z)  = 
Jo  Gm(r’  0d(-  As  was  shown  above,  related  quantities 
can  easily  be  derived  by  replacing  the  functions  Gm  and 
Gm  by  functions  related  to  these  quantities,  while  retain¬ 
ing  the  pairs  (A,,  z^. 

The  values  for  A*  are  obtained  from  measurements.  For 
example,  assume  Bz  has  been  measured  at  the  points 
(1,  <pj,Wi).  The  Fourier  coefficients  of  Bz(l,ip,  z)  are  U'm 
and  W'm\  these  are  obtained  from  the  measurements  using 
Fourier  series  theory.  Employing  a  piecewise  constant  ap¬ 
proximation  for  U'm,  we  write  Xl  =  U'm{wi+i)  -  U'm(wi), 
and  am(r,z)  =  A;GTO(r,  z-zi),  where  zt  =  |(up+i- 
Wi).  Measurements  of  other  components  can  be  treated  in 
the  same  way. 

It  should  be  noted  that,  in  order  to  determine  the  2m- 
pole  contribution,  one  needs  measurements  performed  at 
2 m  different  angles  </p. 

The  errors  in  am(r ,  z)  are  limited  by  those  in  Vrn: 

sup \5am(r,  z)\  <  rm  sup  |<5Vm(z)|, 
zgK  z€R 

This  justifies  the  use  of  the  given  approximations. 

3.2  Boundary  conditions  unknown 

Expressions  for  the  potential  can  also  be  obtained  in  case 
measurements  were  performed  at  points  not  on  the  sur¬ 
face  r  =  1.  Assume  measurements  of  u(r,ip,z)  were 
taken  at  the  points  with  scaled  coordinates  ( rk,Pi,Wj ), 
k  =  1, . . .  ,  M,  i  =  1, . . .  ,P,  j  =  1, . . .  ,  N.  In  this  case, 
we  are  able  to  fit  at  most  M  different  multipole  contribu¬ 
tions  simultaneously;  in  most  cases,  the  2m-pole  contribu¬ 
tions  corresponding  to  m  =  1 ,...  ,M,  will  be  fitted.  If 
less  than  M  multipole  coefficients  are  fitted,  the  remaining 
data  can  be  used  to  improve  the  statistics  of  the  fit. 

As  an  example,  assume  that  u  contains  dominant 
normal-oriented  quadrupole  and  sextupole  contributions, 
and  that  all  higher  order  contributions  are  negligible: 


N 

a2(r,z;X)  =  ^2\iG2(r,z  -  zt), 
i=i 
N 

a3(r,z;n)  =  ^2/j,iG3{r,z  -  zt), 
i=i 

where  2;  =  ~(wi  +wi+i).  This  corresponds  to  a  piecewise 
constant  approximation  of  the  multipole  coefficients  of  u  at 
r  =  1.  We  denote  the  measured  value  of  u  at  (rk,tpi,Wj) 
by  fkij ,  and  define  the  quantity  M (A,  /i)  by: 

M  P  N 

M(X ,ii)  =  -u{rk,VuWj))2. 

k=l  i=l  1=1 

The  optimal  values  for  A,  fi  are  then  obtained  by  minimiz¬ 
ing  M{ X,d)  under  the  conditions  =  YliW  —  0. 

Again,  knowledge  of  the  values  for  A,  fi  completely  deter¬ 
mines  the  corresponding  multipole  contribution. 

There  are  a  few  remarks  to  be  made  concerning  this  ex¬ 
ample: 

•  Measurements  at  at  least  two  different  angles  are 
needed  to  fit  both' normal  and  skew  multipole  contri¬ 
butions. 

•  A  surplus  of  angles  and/or  radii  can  be  used  to  im¬ 
prove  on  statistics. 

•  The  icj-values  at  which  signal  is  dominant  over  noise 
should  be  used  to  define  M( A,  /z);  the  remaining  up¬ 
values  only  serve  to  improve  on  statistics. 

•  Further  improvement  on  the  statistics  can  be  obtained 
by  using  a  weighted  average  for  the  sum  of  squares  in 
the  definition  of  M{ A,  fi). 

It  should  also  be  noted  that  the  former  method  yields 
better  results  for  individual  multipole  contributions,  while 
the  latter  yields  a  better  approximation  of  the  total  field, 
distributing  higher  order  multipole  contributions  among  the 
lower  order  multipole  coefficients. 

4  TRANSFER  FUNCTIONS 

4.1  Numerical  calculation 

Having  obtained  a  complete  field  description  in  terms  of 
field  measurements,  we  show  how  to  obtain  the  transfer 
function  from  numerical  integration  of  the  equations  of  mo¬ 
tion.  The  system  of  Hamiltonian  equations  of  motion  for  a 
charged  particle  in  the  field  can  be  written  in  the  following 
form: 

-  f)A 

(£',£')(*)  =  l(g,P,A(z,q),  -gg(z,q)).  (8) 

Here,  q  =  ( r,<p,t),p=  (pr,pv,pz ),  andx  =  ( r,p,z ). 


u(r,  ip,  z)  =  a2(r,  z)  cos(2</>)  +  a3(r,  z)  cos(3v?). 
The  coefficients  a2  and  a3  are  then  approximated  by 
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As  derived  in  the  previous  section,  the  components  of  A 
and  their  partial  derivatives  all  take  the  form  as  in  (7). 

The  system  (8)  will  be  solved  by  means  of  a  finite  differ¬ 
ence  method.  The  discrete  version  of  (8)  reads: 

(q,p)(wi+i)  =(q,p)(wi- 1)  +  (wi+ 1  -  Wi_x)  x 

dA  W 

^l{q(wi),p(wi),A(wi,q(wi)),  —(wi,q(wi))). 

We  apply  the  initial  condition  ( q,p)(w0 )  =  (TqiPq)*  and 
calculate  (q,p){w j)  from 

(g,p)(w l)  =(g,P){™o)  +  («h  -  w0)  x 
_  qX 

x  &io’Po’A(w°'^’  a^O’So))- 

We  then  find  (q^,p^)  by  repeated  application  of  (9),  de¬ 
scribed  in  terms  of  (qo,po)  and  the  field  measurements. 
By  varying  (qo,Po)>  we  can  calculate  the  complete  transfer 
function  of  the  device,  directly  in  terms  of  these  measure¬ 
ments. 

Since  the  steps  of  this  finite  difference  method  are  lo¬ 
cated  precisely  at  the  points  z  =  Wi,  where  the  field  mea¬ 
surements  were  performed,  we  find  that  there  are  no  inter¬ 
polation  errors  in  the  values  for  A  used  in  the  calculations. 
By  optimizing  the  interpolation  of  the  boundary  values  at 
r  =  1,  such  that  not  only  the  boundary  values,  but  also  their 
^-derivatives  are  matched  at  the  points  z  —  Wi,  we  can  also 
remove  interpolation  errors  from  the  values  of  the  partial 
derivatives  of  A  for  better  results. 

Note  that  for  the  numerical  scheme,  we  need  a  best  pos¬ 
sible  overall  approximation  of  the  magnetic  vector  poten¬ 
tial,  so  the  least  squares  method  is  preferred  over  direct  in¬ 
tegration  of  the  boundary  values  in  this  case. 

4.2  Analytical  results 

In  the  past,  aberration  coefficients  for  the  transfer  func¬ 
tions  of  many  magneto-optical  devices  have  been  derived 
analytically.  (See  Smith  [2],  Lee- Whiting  [3],  Matsuda  & 
Wollnik  [4],  Nakabushi  &  Matsuo  [5].)  Often,  these  coeffi¬ 
cients  are  expressed  in  the  on-axis  r-derivatives  of  the  field 
of  such  devices.  The  methods  presented  here  can  be  used 
to  obtain  these  gradients  directly  from  field  measurements 
away  from  the  2-axis. 

By  expanding  the  functions  gm  into  powers  of  r,  one 
can  expand  the  coefficients  am  and  bm  into  powers  of  r. 
For  example: 

OO 

am  (r,  z)  =  ^2  ami  ( z)rm+ 21 , 

1=0 

(Xml{z)  =  /  9ml{z  ~  C)^ni(C)> 

7—00 

1  f°°  wm+2i 

9ml{z)  =  ”77Tw - — TTj—  /  r  COs(u>z)dcJ. 

4ll\(m  +  ly.ir  J0 

The  2-dependent  coefficients  of  these  power  series  and 
their  derivatives  are  used  in  the  expressions  for  the  aberra¬ 


tion  coefficients.  The  aberration  coefficients  for  a  normal- 
oriented  magnetic  quadrupole,  for  example,  are  all  ex¬ 
pressed  in  terms  of  the  quantity  k2(z)  and  its  derivatives, 
which  are,  for  a  particle  with  charge  q  and  momentum  po, 
given  by 

(^2)^(2)  =  —4ll\(l  +  2)!a2,;(z). 

Po 

From  this,  we  find  that  we  can  avoid  measuring  the  on- 
axis  r-derivatives  of  the  magnetic  field,  and  obtain  k2,  and 
thus  the  aberration  coefficients,  directly  from  measuring 
the  magnetic  field  away  from  the  2-axis,  which  is  easier. 
The  same  holds  for  the  aberration  coefficients  correspond¬ 
ing  to  higher  order  multipole  contributions. 

Note  that,  in  order  to  calculate  the  various  aberration  co¬ 
efficients  properly,  we  need  a  best  possible  approximation 
of  the  individual  multipole  coefficients,  so  direct  integra¬ 
tion  of  the  boundary  values  is  the  preferred  method  to  ob¬ 
tain  them. 

5  CONCLUSIONS 

The  magnetic  field  inside  a  magnetic  multipole,  and  its  har¬ 
monic  scalar  and  vector  potentials,  have  been  explored  in 
the  area  0  <  r  <  1  and  —00  <  2  <  00.  The  various  multi¬ 
pole  contributions  to  these  quantities  have  been  fitted  using 
field  measurements  at  the  boundary  r  =  1  and  shifted  ba¬ 
sic  functions.  An  alternative  least-squares  method  has  been 
developed  for  measurements  not  at  the  boundary.  The  same 
set  of  measurements  and  shiftings  can  be  used  to  fit  many 
field-related  quantities. 

The  developed  procedure  is  independent  of  the  exact 
form  of  the  boundary  conditions  and  can  be  used  to  fit  the 
field  of  one  device  or  various  consecutive  devices. 

The  procedure  works  for  any  order  multipole  contribu¬ 
tion,  but  will  be  most  useful  for  lower  order  multipole  con¬ 
tributions,  since  higher  order  multipole  contributions  are 
more  difficult  to  obtain  from  measurements  and  their  effect 
on  particle  trajectories  will  often  be  small. 

A  numerical  method  for  calculating  the  transfer  func¬ 
tions  from  the  field  description  has  been  derived.  The  field 
description  has  also  been  applied  to  existing  analytical  re¬ 
sults.  The  least  squares  method  is  preferred  in  the  first,  di¬ 
rect  integration  of  the  boundary  values  in  the  second  case. 
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STUDIES  ON  IMPERFECTIONS  IN  THE  SLS  STORAGE  RING 

M.  Boge.  A.  Streun,  M.  Munoz,  Paul  Scherrer  Institute,  Switzerland 


Abstract 

Studies  on  linear  and  nonlinear  imperfections  in  the  SLS 
storage  ring  operated  at  2.4  GeV  are  presented.  The  in¬ 
fluence  of  spurious  vertical  dispersion  and  linear  coupling 
on  the  vertical  emittance  and  possible  correction  schemes 
are  discussed.  The  deterioration  of  the  Dynamic  Aper¬ 
ture  caused  by  higher  order  multipoles  is  investigated  based 
on  field  calculations.  Furthermore  the  influence  of  ground 
waves  on  the  orbit  stability  is  estimated. 

1  THE  MACHINE  MODEL 

For  a  successful  operation  of  the  SLS  storage  ring  [1]  it  is 
crucial  to  keep  the  tolerances  on  linear  and  nonlinear  im¬ 
perfections  as  small  as  possible.  Correction  schemes  have 
to  compensate  for  the  remaining  errors.  In  order  to  simu¬ 
late  the  imperfect  SLS  ring  a  realistic  machine  model  has 
been  developed  utilizing  the  6D  code  TRACY[2][3]. 

Horizontal  and  vertical  alignment  errors,  magnet  tilts, 
strength  distortions  and  higher  order  multipoles  are  in¬ 
cluded.  The  fact  that  the  elements  are  mounted  on  girders 
and  the  dipoles  are  chaining  adjacent  girders  introduces  a 
correlation  which  has  to  be  taken  into  account  in  the  simu¬ 
lation.  The  elements  on  the  girders  are  assumed  to  have  an 
rms  aligment  error  of  50/im,  the  girders  themselves  300/zm 
and  the  girder  joints  100  /zm. 

The  roll  of  the  girders  is  controlled  to  25/zrad  by  a  hy¬ 
drostatic  leveling  system.  Individual  elements  are  allowed 
to  have  residual  rolls  of  100/zrad  rms.  In  order  to  get  a 
proper  statistics  200  different  error  sequences  (seeds)  have 
been  chosen  in  the  simulation.  It  should  be  noted  that  all 
assigned  errors  are  gaussian  distributed  with  a  cut  at  two 
sigma. 

2  ORBIT  CORRECTION 

Once  the  errors  have  been  assigned  a  first  turn  steering  al¬ 
gorithm  (“threader”)  is  used  to  find  the  initial  closed  or¬ 
bit.  After  setting  the  sextupoles  to  50%  of  their  strength 
a  closed  orbit  correction  is  performed  which  is  based  on 
the  information  of  beta  functions  and  phases  for  the  ideal 
optics.  This  is  followed  by  another  correction  loop  at  full 
sextupole  strength  until  the  monitors  have  zero  readings. 

For  the  orbit  correction  two  schemes  are  considered. 
One  is  based  on  the  Singular  Value  Decomposition  (SVD) 
algorithm.  The  other  involves  interleaved  three  corrector 
bumps  “sliding”  around  the  machine. 

The  global  SVD  scheme  has  the  advantage  of  being 
able  to  handle  an  unequal  number  of  monitors  and  correc¬ 
tors  in  the  case  of  faulty  monitors  and/or  saturated  correc¬ 
tors  and  is  therefore  very  flexible.  On  the  other  hand  the 


monitors 


Figure  1:  Corrector/Monitor  layout  of  one  sector  (l/12th) 
of  the  SLS  storage  ring 

SVD  scheme  requires  a  good  knowledge  of  the  linear  ma¬ 
chine  optics  in  order  to  determine  the  inverse  of  the  correc¬ 
tor/monitor  correlation  matrix  A~l. 

For  the  envisaged  monitor  and  corrector  layout  (72  mon¬ 
itors  and  72  correctors  at  the  same  locations  in  both  planes) 
(see  Figure  1)  the  SVD  and  the  sliding  bump  orbit  correc¬ 
tion  scheme  converge  to  the  same  correction  state.  This 
can  be  explained  by  the  fact  that  A~x  is  a  sparse  tridiag¬ 
onal  matrix  containing  the  kick  ratios  of  interleaved  three 
corrector  bumps.  It  should  be  noted  that  the  properties  of 
A~l  have  implications  on  the  implementation  of  the  fast 
global  orbit  feedback  [4]. 


s[m] 


Figure  2:  Mean,  rms  and  maximum  vertical  orbit  for  200 
seeds  for  l/3rd  of  the  lattice. 

After  the  correction  rms  values  of  about  200  /zm  (zero 
monitor  readings)  are  observed  in  both  planes.  As  an  ex¬ 
ample  Figure  2  visualizes  the  mean,  rms  and  maximum 
orbit  in  the  vertical  plane.  The  maximum  corrector  kicks 
needed  are  50%  below  the  design  maximum  of  «1  mrad. 
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In  the  vertical  direction  about  20%  more  corrector  strength 
is  needed  than  in  the  horizontal  plane  although  the  rms  hor¬ 
izontal  kick  is  about  30%  larger.  This  can  be  explained  by 
a  50%  less  efficient  correction  in  the  vertical  plane. 

3  COUPLING  CORRECTION 


Figure  3:  Top:  Mean,  rms  and  maximum  beam  ellipse  twist 
0  for  200  seeds  for  l/3rd  of  the  lattice,  bottom:  correspond¬ 
ing  sigma  ratio  ou /<r/. 

Betatron  and  emittance  coupling  have  been  estimated 
from  the  calculation  of  generalized  emittances  and  sigma 
matrices  [5].  The  beam  ellipse  twist  in  the  straight  sections 
of  the  SLS  storage  ring  has  been  found  to  be  «40  mrad  (see 
top  graph  of  Figure  3). 

The  corresponding  value  for  the  emittance  coupling  in 
mode  D1  which  allows  5-8  cm  horizontal  dispersion  in  the 
straight  sections  is  calculated  to  be  0.2%  and  1%  in  the  zero 
dispersion  mode  DO.  This  relatively  large  coupling  factor 
for  the  latter  mode  can  be  explained  by  the  fact  that  the 
vertical  working  point  had  been  initially  chosen  very  close 
to  the  integer  (vy  =  7.08)  in  order  to  optimize  the  Dy¬ 
namic  Aperture.  At  the  same  time  this  results  in  a  signifi¬ 
cant  increase  of  the  spurious  vertical  dispersion.  A  change 
of  the  vertical  tune  to  vy  =  8.28  (D2A  lattice)  leads  to 
a  reduction  of  the  emittance  coupling  to  0.25%.  The  bot¬ 
tom  graph  of  Figure  3  shows  the  sigma  ratios  077/07  for 


l/3rd  of  the  D2A  lattice  after  the  tune  change.  The  con¬ 
tribution  from  quadruples  is  nicely  compensated  by  the 
dispersion  generated  by  the  nearly  adjacent  orbit  correc¬ 
tors  in  the  sextupoles.  Thus  the  remaining  vertical  disper¬ 
sion  of  0.3  cm  is  mainly  induced  by  sextupoles.  Another 
source  of  emittance  coupling  is  the  feeddown  of  horizontal 
dispersion  through  skew  quadrupole  components  induced 
by  nonzero  vertical  orbits  in  sextupoles  and  quadrupole 
roll  errors.  This  contribution  can  be  minimized  utilizing 
dedicated  skew  quadruples.  Foreseen  are  three  families 
with  two  magnets  per  family  paired  around  the  three  long 
straight  sections.  The  idea  is  to  use  the  foreseen  additional 
corrector  windings  on  the  sextupoles  to  generate  the  nec¬ 
essary  field.  The  effectivness  of  the  correction  scheme  has 
been  tested  for  the  200  seeds.  The  resulting  histograms  for 
the  emittance  ratio  re  are  depicted  in  Figure  4.  It  can  be  seen 
that  the  mean  re  value  is  reduced  from  0.25%  (see  curve 
labeled  sextupoles+tilt  error +no  correction)  to  0.1%  (see 
curve  labeled  sextupoles+tilt  error+correction).  Further¬ 
more  the  re  spread  has  been  reduced  from  0.16%  to  0.06%. 
It  can  be  also  deduced  from  the  graph  that  magnet  tilt  er¬ 
rors  have  only  a  marginal  influence  on  re  (see  curves  la¬ 
beled  sextupoles+tilt  error +(no)  correction).  Switching  of 
the  sextupoles  results  in  a  re  of  0.02%  (see  curve  labeled  no 
sextupoles+tilt  error+correction)  which  illustrates  that  the 
residual  coupling  is  dominated  by  sextupoles.  Quadrupoles 
plus  correctors  alone  account  for  a  re  of  0.01%  (see  curve 
labeled  no  sextupoles+no  tilt  error). 
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Figure  4:  Histograms  of  the  emittance  ratio  re  for  200  seeds 
with  and  without  coupling  correction. 


4  MULTIPOLE  ERRORS 

Results  from  2D  field  calculations  [11]  for  quadrupoles  and 
dipoles  have  been  investigated  concerning  the  impact  on 
Dynamic  Aperture  [10].  Alignment  errors  and  orbit  cor¬ 
rection  have  been  included.  It  has  been  found  that  the  mul¬ 
tipoles  cut  off  all  Dynamic  Aperture  outside  the  physical 
aperture  which  is  simply  due  to  the  fact,  that  the  multi¬ 
pole  decomposition  is  only  valid  within  the  pole  inscribed 
radius.  Tracking  including  physical  limits  virtually  does 
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not  show  any  Dynamic  Aperture  deterioration.  Subsequent 
tests  using  data  from  3D  field  calculations  for  quadrupoles 
and  sextupoles  have  confirmed  this  result. 

The  vertical  correctors  with  dipole  coefficient  bi  which 
are  integrated  into  the  sextupoles  create  a  large  decapole 
component  65.  The  ratio  of  the  multipole  coefficients  65 /bi 
is  calculated  to  be  5.25  105  m~4.  Assuming  a  linear  scaling 
of  65  with  bi  the  Dynamic  Aperture  has  been  calculated 
for  200  distorted  and  orbit  corrected  machines  operated  in 
the  DO  lattice  mode.  It  has  been  shown  that  the  Dynamic 
Aperture  is  only  reduced  for  large  momentum  deviations 
dp/p>2%. 

5  GROUND  WAVES 

The  magnets  of  the  SLS  storage  ring  are  mounted  onto  48 
girders  with  the  36  bending  magnets  of  the  12  TBAs  sit¬ 
ting  on  the  ends  of  two  adjacent  girders  [7].  The  amplitude 
of  stored  beam  orbit  oscillation  excited  by  groundwaves  is 
calculated  by  convolution  of  the  seismic  spectrum  on  site, 
damping  by  the  concrete  slab  of  the  hall,  girder  mechan¬ 
ical  amplification  factors,  closed  orbit  distortion  amplifi¬ 
cation  factors  and  attenuation  factors  of  the  fast  feedback 
system  [4], 

For  a  rough  worst  case  estimate  the  following  assump¬ 
tions  are  made: 

•  The  largest  ground  noise  observed  was  recorded  while 
a  heavy  truck  was  passing  by  on  the  nearby  road. 
Peaks  of  300  nm  at  30  Hz  and  30.nm  at  60  Hz  [8]  were 
found.  Continuos  ground  noise  however  is  at  least  one 
order  of  magnitude  lower. 

•  Within  the  worst  case  estimate  the  damping  effect  of 
the  hall’s  40  cm  concrete  slab  are  neglected. 

•  The  mechanical  amplification  factors  of  the  girder 
were  measured  to  be  <  10  on  resonance  horizon¬ 
tally  and  vertically  over  a  frequency  range  from 
0... 50 Hz  [9], 

•  Amplification  factors  for  the  closed  orbit  with  and 
without  girders  are  shown  in  Fig.  5.  With  girders  one 
sees  horizontal  [vertical]  amplification  factors  of  8  [5] 
at  30  Hz  and  25  [5]  at  60  Hz. 

•  The  attenuation  provided  by  the  fast  feedback  system 
is  about  -55  dB  at  30  Hz  and  -35  dB  at  60  Hz  (assum¬ 
ing  that  there  is  only  one  dominant  peak)  [4]. 

Multiplying  these  numbers  one  arrives  at  rms  average  orbit 
distortions  of  25  [15]  fim  horizontally  [vertically]  at  30  Hz 
and  7.5  [1.5]  fim  at  60  Hz  without  feedback.  Including  the 
feedback  the  orbit  distortions  are  well  below  1  /rm  over  the 
whole  frequency  range. 

With  this  as  the  result  of  a  worst  case  estimate  we  are 
looking  forward  to  achieve  a  rather  quiet  beam  at  SLS. 


Horizontal  amplification  factor 


Figure  5:  Amplification  factors  defined  as  ratio  of  closed 
orbit  (averaged  over  ground  wave  incident  angle  and  phase) 
to  ground  wave  amplitude  for  single  elements  (dotted)  and 
elements  mounted  on  girders  (solid).  For  high  frequency 
the  factors  approach  the  values  from  random  magnet  mis¬ 
alignments  which  are  for  single  elements,  girder  to  girder 
and  girder  absolute  alignment  given  by  58,  22,  6  horizon¬ 
tally  and  25,  4,  3  vertically.  An  increase  of  the  factors  is 
observed  where  A  equals  the  betatron  wavelength,  which 
occurs  at  36  Hz  for  the  horizontal  and  at  14  Hz  for  the  ver¬ 
tical.  Speed  of  sound  was  assumed  to  be  500  m/s  (soft 
ground). 
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S.  Y.  Lee,  A.  Pei,  T.  Sloan,  Indiana  University,  Bloomington,  IN 
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Abstract 

The  particle  diffusion  mechanism  due  to  phase  modulation 
on  one  of  the  rf  cavities  in  a  double  rf  system  is  studied. 
We  find  that  the  Einstein  relation  is  satisfied  if  there  is  a 
global  chaos  in  the  phase  space.  On  the  other  hand,  the  ex¬ 
istence  of  dominant  parametric  resonances  forces  the  par¬ 
ticles  streaming  along  the  separatrix,  which  may  result  in 
anomalous  diffusion  process.  The  particle  tracking  simu¬ 
lations  based  on  the  Hamiltonian  for  the  double  rf  system 
is  employed  to  reveal  the  essential  diffusion  mechanism. 
Also  for  the  first  time,  a  coherent  octuple  mode  has  been 
observed  in  the  bunch  beam  excitation.  The  phase  space 
evolution  of  the  octuple  mode  is  displayed. 


1  INTRODUCTION 

Controlled  particle  beam  diffusion  has  many  applications 
in  beam  physics  such  as  phase  space  painting  for  beam  in¬ 
jection,  beam  dilution  for  minimizing  the  growth  due  to 
the  collective  instabilities,  stochastic  beam  scraping  and 
stochastic  slow  beam  extraction.  Practically,  the  diffusion 
process  is  dominated  by  the  chaos  generated  by  overlap¬ 
ping  resonances!  1].  Particles  in  the  existence  of  Langevin 
force  diffuse  in  the  phase  space  following  the  Einstein  re¬ 
lation:  u2  ~  Vt,  where  o2  is  the  mean  square  of  the  beam 
bunch,  V  is  the  diffusion  coefficient  and  t  is  the  evolving 
time.  However,  there  are  anomalous  diffusion  processes 
that  do  not  follow  the  Einstein  relation.  They  occur  in 
plasma  physics.  Levy  dynamics,  turbulent  flow  and  space 
charge  dominated  beams  [2],  Understanding  the  causes  and 
detail  dynamics  of  the  anomalous  diffusion  is  particularly 
important  in  those  areas. 

Experimentally,  We  studied  the  particle  diffusion  pro¬ 
cesses  in  phase  space  by  applying  a  phase  modulation  on 
one  on  a  double  rf  system  at  the  Indiana  University  Cy¬ 
clotron  Facility  (IUCF)  Cooler  ring.  The  experiment  data 
alone  with  in-depth  beam  tracking  simulation  will  be  pre¬ 
sented  in  this  paper. 


*Work  supported  by  U.S.  Department  of  Energy  DE-FG02- 
92ER40747  and  National  Science  Foundation  PHY-95 12832. 
f  Email:  cmchu@iucf.indiana.edu 


2  SYNCHROTRON  EQUATION  OF 
MOTION 

The  normalized  conjugate  phase  space  coordinates  are  de¬ 
fined  as 

=  -hxifi-9.)  (1) 

&  =  (ftiMA's)(Ap/p0)  (2) 

where  hi  is  the  harmonic  number  of  the  rf  cavity,  0  and  0S 
are  respectively  the  orbiting  angles  of  a  non-synchronous 
and  synchronous  particles,  77  is  the  phase  slip  factor,  po  is 
the  momentum  of  a  synchronous  particle,  A p  =  p  —  po 
is  the  momentum  deviation,  =  {hieV\ri\/2iT02  E)1/2  is 
the  synchrotron  tune,  V  is  the  voltage,  e  is  the  particle’s 
electric  charge,  and  (3  and  E  are  the  Lorentz  velocity  factor 
and  energy  of  the  particle,  the  synchrotron  motion  of  a 
particle  in  a  double-rf  system  with  phase  modulation  can 
then  be  written  as 

S  =  -14  [sin(0  4-  A</>i)  -  r  sin  (hep  +  Afc)] 

-A  6  +  £>£,  (3) 

4>  =  vs5  (4) 

where  r  =V 2 /Vi  is  the  ratio  of  the  primary  and  secondary 
rf  voltages,  h  =  h2/hi  is  the  ratio  of  harmonic  numbers 
where  Vj  and  V2  are  the  voltage  gains  for  the  primary  and 
secondary  rf  systems,  respectively,  hi  and  h2  are  the  har¬ 
monic  numbers  for  the  primary  and  secondary  rf  system, 
respectively,  A  is  the  damping  decrement,  the  white  Gaus¬ 
sian  noise  £  where  (£(0)£(0'))  =  ~  9')  with  (£)  =  0, 

and  D  is  the  amplitude  of  the  white  noise.  At  the  Cooler 
ring,  typically  A  and  D  are  set  about  3  x  10~6  and  2  x  10~4. 
The  phase  modulation  term  in  Eq.3  is  given  by 

A0i  (t)  =  Ax  sin(i/mi0),  (5) 

A^>2  (t)  =  A2  sin(i/m20)  +  A(f>0  (6) 

where  A,  and  vmi  =  / fs  are  the  modulation  ampli¬ 

tudes  and  the  modulation  tunes,  respectively,  where  i  =  1 
and  i  —  2  represent  primary  and  secondary  cavities,  re¬ 
spectively,  /mi  is  the  modulation  frequency  and  fs  is  the 
synchrotron  frequency  with  primary  cavity  alone;  and  A <f>0 
is  a  relative  phase  difference  between  the  two  rf  systems. 
Without  damping  and  fluctuation  terms,  the  double  rf  sys¬ 
tem  with  phase  modulation  can  be  described  in  the  follow¬ 
ing  Hamiltonian  form 

Ho  =  4-  us{l  -  cos((/  +  A</i) 

+£[1  ~  cos (h<f)  +  Afc)]}.  (7) 
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Multi-particle  tracking  simulation  follows  Eq.3  and  4. 
We  focus  on  several  important  factors,  namely,  mean 
square  of  beam  width,  averaged  beam  center  and  the 
Poincare  surfaces  of  section  of  the  system. 

3  EXPERIMENTS 

The  main  purpose  for  our  experiment  was  to  systemati¬ 
cally  study  the  beam  dilution  mechanism  in  the  presence  of 
phase  modulation  of  a  double  rf  system.  The  IUCF  Cooler 
ring  is  a  6-sided  proton  storage  ring  with  electron  cooling 
and  two  rf  acceleration  cavities.  The  primary  MPI  cavity 
operates  at  a  harmonic  number  hi  =  1,  and  the  secondary 
PPA  cavity  operates  at  the  harmonic  number  —  9.  The 
ring  can  accelerate  protons  from  45  to  500  MeV  in  kinetic 
energy.  In  this  experiment,  the  beam  current  was  between 
100  to  500  fiA  for  a  45  MeV  single  bunch  proton  beam  in 
the  ring. 

After  injection,  the  proton  beam  was  cooled  by  an  elec¬ 
tron  beam  cooling  system  to  reduce  its  momentum  spread 
and  transverse  emittances.  The  electron  cooling  rate  for  the 
Cooler  ring  was  measured  to  be  about  3  ±  1  s_1  at  this  en¬ 
ergy  [3].  The  accelerator  cycle  time  was  set  at  10  s,  and  the 
secondary  rf  system  and  the  data  acquisition  system  were 
turned  on  3  s  after  the  completion  of  injection,  which  was 
much  longer  than  the  needed  300  ms  cooling  time.  The 
cooled  beam  bunch  rms  length  was  about  15  ~  20  ns  with 
a  momentum  spread  less  than  0.1%.  The  primary  rf  volt¬ 
age  was  set  at  about  300  V,  which  resulted  in  a  synchrotron 
frequency,  fs,  of  about  705  Hz  while  operating  with  the 
primary  rf  cavity  alone. 

Beam  profile  was  taken  from  a  BPM  sum  signal  pass¬ 
ing  through  a  low  loss  cable,  and  recorded  by  a  fast  digital 
scope  which  was  set  at  a  sampling  rate  of  1  GHz  for  a  total 
of  512  or  1024  channels  for  each  turn.  The  bunch  profiles 
were  digitized  every  25  to  75  turns.  A  pretrigger  to  start 
data  recording  was  set  at  least  100  ns  prior  to  the  arrival 
of  the  beam  bunch.  This  sampling  rate  can  provide  the  de¬ 
tailed  evolution  of  beam  profile  in  the  diffusion  process. 

4  DATA  ANALYSIS 

We  tried  to  understand  the  diffusion  mechanism  by  look¬ 
ing  at  physics  quantities  such  as  mean  square  of  longitu¬ 
dinal  beam  size,  Fast  Fourier  Transform  (FFT)  spectra  of 
mean  square  beam  size  and  averaged  beam  center  posi¬ 
tion  and  actual  beam  evolution  profiles.  The  evolution  of 
the  beam  profile  can  be  characterized  by  the  mean  square 
bunch  length  <  a2  >  which  is  defined  as 

1  N 

<  a  >=  (fij  —  0avg)  i  (8) 

3= 1 

where  N  is  the  number  of  particles  in  a  beam  bunch  and 
4> aVg  =  j-  4>j  is  the  average  value  of  <j)  and  where  <f>j 
is  the  <[>  value  of  the  j-th  particle. 

Fig.  1  summarizes  our  data  for  modulation  on  the  sec¬ 
ondary  rf  cavity,  where  the  final  beam  width  is  plotted  as 


v„(Hz)  v„(Hz) 


Figure  1 :  Averaged  final  rms  beam  size  versus  modulation 
frequency  for  various  modulation  amplitude  (on  the  sec¬ 
ondary  rf  cavity).  This  is  done  by  averaging  the  rms  beam 
size  over  the  last  1  ms  of  the  data  taking  (<  cr  j  >).  The 
alphabetic  letters  indicate  the  modulation  amplitudes,  A2, 
where  a:  60°,  b:  100°,  c:  125°,  d:  150°,  e:  175°,  and  f: 
200°. 

a  function  of  the  modulation  frequency  for  the  modulation 
amplitudes  60°,  100°,  125°,  150°,  175°,  and  200°.  Since 
our  results  indicate  that  the  beam  response  appeared  to  be 
important  at  the  modulation  frequencies  above  and  near  the 
harmonics  of  the  synchrotron  frequency  [4].  The  data  anal¬ 
ysis  is  mostly  focused  on  the  modulation  frequencies  about 
integer  factors  of  the  synchrotron  frequency.  Fig.  2  shows 
that  by  properly  adjusting  the  parameters,  /s,  Acpo  and  a, 
the  tracking  results  match  quite  well  with  the  data. 

The  sensitivity  of  beam  diffusion  mechanism  on  the 
modulation  frequency  can  be  visualized  by  the  FFT  spectra 
of  experimental  data.  Fig.  3  shows  the  FFT  spectra  of  the 
rms  beam  widths  of  all  data  with  a  modulation  amplitude  of 
1 50°.  A  direct  response  line  is  visible  diagonally  across  the 
figure.  Furthermore,  the  quadruple  and  the  octuple  modes 
arising  from  the  dominant  parametric  resonances  are  par¬ 
ticularly  strong  when  the  modulation  frequencies  are  driven 
at  2/s  and  4/s.  We  note  also  that  when  the  beam  is  driven 
into  chaotic  sea,  the  data  show  characteristic  strong  low 
frequency  response. 

5  CONCLUSION 

Our  experimental  data  show  that  the  linear  growth  of  mean 
square  of  beam  width,  <  a2  >,  with  time  arises  from  the 
diffusion  process  in  a  complete  chaotic  region  in  the  phase 
space.  If  the  phase  space  possess  a  layer  of  chaotic  sea  with 
invariant  tori  embedded  inside,  <  a2  >  will  show  charac¬ 
teristics  of  anomalous  diffusion.  On  the  other  hand,  if  sta¬ 
ble  islands  still  exist  in  the  chaotic  background  as  shown  in 
a  and/of  Fig.  4,  the  evolution  of  <  a2  >  will  be  strongly 
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Figure  2:  Comparison  between  data  (solid  curves)  and 
simulation  (dashed  curves)  for  modulation  on  the  sec¬ 
ondary  cavity  near  2: 1  resonance.  The  set  parameters  are 
/m2  ~1200  Hz,  A  ~100°  and  r  ~0.11.  The  parameters 
used  in  tracking  are  /s=719  Hz.  The  only  difference  be¬ 
tween  the  two  figures  is  for  the  top  one  A<p0  —  215°  and 
for  the  bottom  one  A<po  =  143°. 
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Figure  3:  The  FFT  spectra  of  the  experimental  data  of 
mean  square  beam  widths  fqr  the  modulation  amplitude 
of  150°.  We  note  that  the  low  frequency  response  in  the 
data  arises  from  the  chaotic  sea,  the  quadruple  and  octuple 
modes  arises  from  strong  parametric  resonances. 


oscillatory.  Our  experiments,  with  numerical  simulations, 
have  systematically  verified  these  conditions.  The  under¬ 
standing  of  the  signature  of  the  beam  phase  space  evolu¬ 
tion  can  be  used  to  diagnose  sources  of  emittance  dilution 
mechanisms  in  high  brightness  beams  and  space  charge 


dominated  beams. 

We  have  experimentally  measured  the  evolution  of  beam 
distribution  as  a  function  of  rf  parameters  in  a  storage  ring. 
These  parameters  are  the  ratio  of  rf  voltages  r,  the  mod¬ 
ulation  frequency  /m 2,  the  modulation  amplitude  A2,  and 
the  relative  phase  A<po.  We  have  found  that  the  evolution 
of  the  bunch  beam  can  be  divided  into  a  fast  process  that  is 
related  to  particle  diffusion  along  the  dominate  parametric 
resonances,  and  a  slow  process  that  particles  diffuse  inside 
the  chaotic  sea. 

We  have  also  observed  for  the  first  time  the  coherent  oc¬ 
tuple  excitation  in  beam.  The  corresponding  phase  space 
evolution  for  the  octuple  excitation  has  been  clearly  mea¬ 
sured.  Particles  stream  through  the  separatrix  of  the  4:1 
parametric  resonance,  and  then  diffuse  into  the  chaotic  sea. 
The  signature  of  the  beam  signal  can  easily  be  identified  by 
comparing  the  data  and  tracking  simulation  shown  in  Fig.4, 
which  also  clearly  indicates  that  the  chaotic  area  strongly 
depends  on  Afo. 
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Figure  4:  The  Poincare  surfaces  of  section  for  the  modu¬ 
lation  frequency  of  2700  Hz  with  different  relative  phases, 
A<j>o,  where  a:  20°,  b:  60°,  c:  100°,  d:  140°,  e:  180°  and 
f:  220°.  Note  that  the  chaotic  structure  arises  mainly  from 
the  overlapping  resonances  of  4:1  parametric  resonances. 
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Abstract 


Experimental  data  on  particle  motion  near  the  separatrix 
of  the  one  dimensional  (1-D)  fourth-integer  islands  are  an¬ 
alyzed.  When  the  beam  bunch  is  initially  kicked  to  the 
separatrix  orbit,  we  observed  a  strong  decoherence  in  the 
coherent  betatron  motion.  We  find  that,  through  intensive 
particle  tracking  simulation  analysis,  the  decoherence  has 
resulted  from  the  beam  being  split  into  beamlets  in  the  beta¬ 
tron  phase  space.  However,  we  also  observe  an  unexpected 
recoherence  of  coherence  signal,  which  may  result  form  a 
modulated  closed  orbit  or  the  homoclinic  structure  near  the 
separatrix. 


1  INTRODUCTION 

Particle  motion  along  the  separatrix  is  important  in  the 
stochastic  slow  beam  extraction.  Since  the  stochasticity 
layer  at  the  separatrix  orbit  is  further  enhanced  by  the 
time  dependent  dipole  and  quadrupole  modulations  [1,  2], 
the  study  of  particle  motion  near  separatrix  can  provide 
needed  information  on  the  dynamical  aperture  and  lifetime 
of  stored  beam  particles.  Thus  it  is  important  to  study  the 
dynamics  of  particle  motion  near  the  separatrix. 

In  our  previous  studies  [3, 4],  we  studied  particle  motion 
at  the  fourth  order  resonance,  and  examined  the  effects  of 
tune  modulation  on  particle  motion  inside  the  island.  We 
mapped  out  a  boundary  of  stability  by  analyzing  our  exper¬ 
imental  data  on  the  tune  modulation  to  the  particle  trapped 
at  the  center  of  the  resonance  islands.  This  paper  studies 
the  dynamics  of  particle  motion  near  separatrix. 

Although  the  particle  motion  near  the  separatrix  is  com¬ 
plicated  by  rapid  decoherence  and  inherent  finite  beam  size 
in  our  experiments,  we  can  re-analyze  our  data  to  explore 
the  effects  of  inherent  noise  for  particle  motion  near  separa¬ 
trix  because  we  have  made  many  progresses  in  understand¬ 
ing  the  dynamics  of  particle  motion  near  the  separatrix.  [2] 
The  paper  is  organized  as  follows.  Section  2  outlines  our 
experimental  setup  and  gives  a  brief  review  of  the  nonlinear 
Hamiltonian  model.  Section  3  discusses  the  data  analysis. 
The  conclusion  is  given  in  Sec  4. 


‘Work  supported  by  U.S.  Department  of  Energy  DE-FG02- 
92ER40747  and  National  Science  Foundation  PHY-9512832. 


2  NONLINEAR  BETATRON 
RESONANCE  AND  EXPERIMENTAL 
METHOD 

Particle  motion  in  accelerators  is  governed  by  the  lin¬ 
ear  Hill’s  equation,  where  dipoles  provide  a  closed  orbit, 
and  quadrupoles  provide  linear  focusing  for  beam  stabil¬ 
ity.  However,  sextupole  and  higher  multipoles  are  needed 
to  correct  chromatic  aberration,  and  are  inherent  compo¬ 
nents  in  magnets.  By  design,  the  nonlinear  perturbation  in 
accelerator  is  small  except  when  the  nonlinear  resonance 
condition  is  encountered,  i.e.  mvx  +  nuz  —  t,  where  m,  n 
and  £  are  integers.  This  paper  studies  the  4i/x  =  15  reso¬ 
nance. 

Near  an  isolated  single  resonance  (mu  =  £,  hereafter, 
the  subscript  is  neglected)  in  the  resonance  rotating  frame, 
the  Hamiltonian  can  be  approximated  by  [5]  i 

H  ss  SJ  +  \o.J2  +  gJ*%  cos(mip),  (1) 

where  J  and  ip  are  the  conjugate  action-angle  variables, 
(5  =  i/  —  (£/m)  is  the  resonance  proximity  parameter,  u 
is  the  betatron  tune,  a  is  the  nonlinear  detuning  parameter 
arising  from  higher-order  multipoles,  and  g  is  resonance 
strength.  The  phase  ip  in  the  resonance  rotating  frame  is 
related  to  the  betatron  phase  <p  by 

f  y 

ip  =  (p  —  —  0  H — -. 

m  to 

The  9  is  orbit  angle  serving  as  the  time  coordinate  and  x 
is  the  resonance  phase  that  depends  on  the  measurement 
location. 

This  Hamiltonian  is  time-independent.  A  torus  is  the 
Hamiltonian  flow  at  a  constant  ‘energy,’  i.e.  H(  J,  ip)  =  E. 
Hamilton’s  equations  of  motion  are 

ip  =  6  +  aJ+^gJ  cos(m  ip), 

J  —  mgJ^sm(mip)  (2) 

where  the  overdot  corresponds  the  derivative  with  respect 
to  the  time  coordinate  9. 

2.1  Experimental  setup  at  the  IUCF  Cooler 
Ring 

The  procedure  of  our  experiments  is  as  follows.  The  90 
MeV  H^"  beam  was  stripped  injected  into  the  Cooler  for 
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attaining  45  MeV  protons.  The  cycle  time  was  10  s.  The 
beam  was  electron  cooled  for  3  s  before  we  started  our  ex¬ 
periments.  The  cooling  time  was  about  0.3  s.  Typical,  we 
had  about  3  x  10s  protons  per  bunch  with  a  bunch  length 
of  about  5.4  m  (or  60  ns)  FWHM.  The  revolution  period 
was  969  ns,  and  the  rf  cavity  was  operating  at  a  frequency 
fo  =  1.03168  MHz  with  the  harmonic  number  h=  1.  The 
95%  emittance  was  about  0.3  n  mm-mrad,  and  the  stabil¬ 
ity  of  the  horizontal  close  orbit  was  smaller  than  0.05  mm 
FWHM.  Details  of  our  experimental  setup  have  been  pub¬ 
lished  [6]. 

To  study  the  nonlinear  resonance  at  4vx  =  15,  we  ad¬ 
justed  our  horizontal  betatron  tune  to  the  resonance  line.  A 
ferrite  kicker  with  the  rise  and  fall  time  of  about  100  ns  and 
a  flat  top  of  about  700  ns  was  used  to  impart  a  transverse 
angular  kick  to  the  beam.  The  subsequent  beam  positions 
were  tracked  and  digitized  by  two  beam  position  monitors. 
The  data  {x\ ,  x2)i  are  transformed  to  the  normalized  phase 
space  ( x,px)i  with  known  betatron  amplitude  functions, 
and  BPM  calibrations.  Figure  1  shows  the  Poincare  maps 
for  some  typical  Hamiltonian  tori  with  five  different  kicker 
amplitudes.  The  separatrix  orbit  is  also  drawn  to  compare 
our  experimental  data.  Properties  of  this  fourth-integer  res¬ 
onances  have  been  successfully  explored  [3]. 


X  (mm) 


Figure  1 :  Poincare  map  shows  beam  sampling  the  nonlin¬ 
ear  fourth-integer  resonance  by  exciting  particles  with  five 
different  kicker  amplitudes,  increasingly  kicker  amplitudes 
corresponding  the  lager  radius  contours.  The  line  is  the 
predicted  separatrix.  Beam  motion  close  to  separatrix  is 
evident. 


2.2  Multiparticle  Simulation  Model 

Our  experiments  were  intended  to  explore  the  single  parti¬ 
cle  motion  near  a  betatron  resonance.  However,  the  beam 
bunch  in  accelerators  is  composed  of  many  particles.  Be¬ 
cause  of  the  electron  cooling,  and  the  random  noises  inher¬ 
ent  in  all  accelerators,  the  beam  bunch  reaches  an  equilib¬ 


rium  emittance  [7]: 

p(x,px)  =  Ce~H/kT  =  -1^  e(*2+rf>/2  -2,  (3) 

Lit  O 

where  C  is  the  normalization  constant,  H  is  the  Hamil¬ 
tonian,  “ kT ”  is  the  effective  thermal  energy,  x  and  px 
are  the  normalized  conjugate  phase  space  coordinates,  and 
<r2  =  fix  erms  with  an  rms  emittance  erms.  Here,  we  have 
assumed  a  linear  Hamiltonian  at  the  center  of  the  phase 
space. 

The  phase  space  evolution  of  Eq.  (2)  can  be  attained  by 
the  symplectic  map: 

1pn+ 1  =  1pn  +  6  +  aJn  +  ^  g  Jn^-1  cos(mtpn), 

m 

Jn+i  =  Jn  +  mg  Jn2  sin(m  Vvi+i),  (4) 

which  preserves  the  phase  space  area.  For  particle  mo¬ 
tion  near  the  separatrix,  two  hundreds  steps  is  used  for 
each  orbital  revolution.  Typically,  4000  test  particles  with  a 
Gaussian  distribution,  distributed  in  3  a  region  of  the  phase 
space  are  used  in  our  numerical  simulations. 

3  DATA  ANALYSIS 

First,  we  analyze  Poincare  maps  that  are  outside  the  res¬ 
onance  region  and  obtain  a  consistent  set  of  betatron  am¬ 
plitude  functions,  and  the  phase  difference  between  two 
BPMs.  This  procedure  establishes  the  method  of  trans¬ 
forming  our  digitized  data  to  the  normalized  phase  space 
coordinates.  Our  results  are  shown  in  Fig.  1.  Since  the 
Hamiltonian  of  Eq.  (1)  is  a  quadratic  equation,  the  separa¬ 
trix  is  given  by  two  intersecting  ellipses. 

The  decoherent  of  betatron  motion  a  beam  with  finite 
emittance  can  be  used  to  determine  the  nonlinear  detuning 
parameter  a.  Similarly,  the  FFT  spectra  and  the  size  of  the 
resonance  islands  can  be  used  to  determine  the  resonance 
proximity  parameter,  and  the  resonance  strength  g.  These 
analysis  provide  us  a  self  consistent  set  of  data  for  the  ef¬ 
fective  nonlinear  Hamiltonian. 

3. 1  Motion  Near  the  Separatrix 

Figure2  shows  the  centroid  of  beam  motions  a  300  revolu¬ 
tions  when  the  beam  is  kicked  onto  the  separatrix,  where 
solid  points  correspond  to  the  first  50  revolutions.  To  un¬ 
derstand  the  rapid  decoherence,  we  carry  out  multiparti¬ 
cle  simulations.  Figure  3  shows  the  beam  distribution  af¬ 
ter  500  revolutions  for  a  beam  with  an  initial  emittance  of 
0.3  7r-mm-mrad.  The  decoherence  arises  from  the  fact  that 
the  beam  bunch  splits  into  beamlets  under  the  action  of  the 
separatrix.  Particles  inside  the  separatrix  move  in  one  di¬ 
rection,  while  the  particles  inside  the  resonance  island  are 
trapped.  Such  a  rapid  decoherent  is  very  sensitive  to  the 
emittance  of  the  beam.  Our  multiparticle  simulations  show 
that  the  beam  emittance  of  0.37T  mm-mrad  describes  very 
well  the  strong  decoherence. 
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Figure  2:  Poincare  map  shows  the  data  of  the  first  300  rev¬ 
olutions,  where  the  first  50  revolutions  is  shown  as  solid 
points.  Decoherence  is  due  to  the  fact  beam  particles  move 
along  separatrix.  The  separatrix  of  Fig.  1  is  also  drawn  for 
reference. 


8  -6  -4  -2  0  2  4  6  8 


X  (mm) 

Figure  3:  The  plot  shows  the  final  beam  distribution  at  500 
revolutions. 

It  is  worth  noting  that  our  long-term  experimental  data 
shows  significant  recoherence  of  the  coherent  betatron  mo¬ 
tion  shown  in  Fig.  4.  Our  model  can  not  explain  such  a 
rapid  recoherence,  instead,  it  predicts  a  very  strong  reco¬ 
herence  at  1600  revolutions.  The  sizable  early  recoherence 
may  arise  from  either  closed  orbit  modulation  of  the  order 
of  0.2  mm  or  the  sensitivity  of  particle  motion  (homoclinic 
structure)  near  the  UFP. 

4  CONCLUSIONS 

In  conclusion,  we  have  analyzed  the  data  for  the  beam  mo¬ 
tion  near  the  separatrix,  and  find  that  the  decoherence  of  the 
beam  signal  arises  from  the  beam  being  split  at  the  UFP.  We 
observe  a  significant  recoherence  in  our  data,  that  can  not 
be  explained  by  our  model. 


Revolution/4 

Figure  4:  The  rapid  decoherence  of  coherent  betatron  mo¬ 
tion  in  Fig.  2  is  displayed  in  the  betatron  phase  (top)  and  be¬ 
tatron  action  (bottom).  Complete  decoherence  is  observed 
to  occurs  at  240  revolutions.  We  note,  however,  that  there  is 
a  significant  recoherence  in  the  coherence  betatron  motion 
at  520  and  1000  revolutions.  The  recoherence  is  associated 
with  a  phase  where  particles  recongregate  into  the  unsta¬ 
ble  fixed  points.  Numerical  simulation  has  not  been  able  to 
reproduce  the  recoherence  of  the  experimental  data. 

In  general,  there  are  many  time-dependent  terms  in  the 
actual  nonlinear  Hamiltonian.  Our  model  of  the  Hamilto¬ 
nian  (1)  should  include  these  terms  in  the  simulations.  The 
stochasticity  near  the  separatrix  orbit  arises  from  these  time 
dependent  terms  in  the  Hamiltonian.  A  more  realistic  nu¬ 
merical  simulation  is  need  for  modelling  the  beam  motion. 
The  experimental  data  offer  a  unique  challenge  for  the  un¬ 
derstanding  of  particle  diffusion  process  in  accelerators. 
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Abstract 

A  MARYLIE  module  has  been  developed  for  a  new 
version  of  the  Particle  Beam  Optics  Laboratory  (PBO 
Lab™).  MARYLIE  is  an  optics  code  based  on  a  Lie 
algebra  formulation  of  charged  particle  trajectory 
calculations  and  is  particularly  useful  for  particle  tracking 
and  for  the  analysis  of  linear  and  nonlinear  lattice 
properties.  The  PBO  Lab  provides  an  intelligent  graphic 
user  interface  based  upon  the  Multi-Platform  Shell  for 
Particle  Accelerator  Related  Codes  (S.P.A.R.C.  MP),  a 
software  framework  developed  specifically  to  support 
accelerator  modeling,  simulation  and  training.  Transport 
element  icons  are  selected  from  a  palette  and  assembled 
into  beamlines  by  graphical  construction.  Optical  cells 
and  lattices  composed  of  element  groups  may  be  defined  as 
sublines,  and  elements  or  sublines  can  be  replicated  using 
an  alias  element.  An  icon-based  description  of  MARYLIE 
commands  and  procedural  processes  has  also  been 
developed.  The  icon-based  beamlines  and  commands 
generate  entries  for  the  MARYLIE  Master  Input  File 
(MIF).  Frequent  computations  are  encapsulated  into 
interactive  commands  which  create  the  needed  entries  in 
the  MIF,  call  MARYLIE  to  execute  the  required 
computations,  and  then  return  output  data  to  the  graphic 
interface  for  display.  Use  of  the  PBO  Lab  MARYLIE 
module  is  described  and  illustrations  from  the  Windows95 
implementation  are  presented. 

1  INTRODUCTION 

The  MARYLIE  program  [1]  is  a  powerful  tool  for 
studying  nonlinear  optics.  The  version  of  MARYLIE  3.0 
described  in  [2]  is  being  integrated  with  PBO  Lab  2.0  [3] 
to  provide  a  unique  graphical  environment  for  beamline 
studies.  PBO  Lab  provides  an  easy-to-use  graphic  user 
environment,  customized  to  the  needs  of  the  accelerator 
community  for  both  particle  optics  education  [4]  and 
beamline  design  [5].  This  paper  discusses  selected  features 
of  the  new  MARYLIE  Module. 

2  MARYLIE  MODULE  FOR  PBO  LAB 

The  use  of  the  PBO  Lab  MARYLIE  Module  is  perhaps 
best  illustrated  via  an  example:  designing  and  then 
studying  the  performance  of  a  four-cell,  second-order 
achromatic  bend.  (It  should  be  noted  that  MARYLIE  can 
also  be  used  to  design  a  third-order  achromat.)  The  basic 
layout  of  the  example  beamline  is  illustrated  in  Figure  1 , 
using  the  iconic  representation  provided  by  the  PBO  Lab 


graphical  beamline  construction  kit.  The  beamline  is 
composed  of  four  identical  cells,  with  each  cell  containing 
a  sector  bend,  two  quadrupoles  and  two  sextupoles,  all 
interspersed  with  drifts.  Figure  1  also  illustrates  two 
approaches  (described  below)  for  using  the  MARYLIE 
Module  to  fit  magnet  strengths. 


(a)  Achromat  cell  layout 


Figure  1 .  Selected  images  from  the  PBO  Lab  MARYLIE 
Module  showing  icon  representations  of:  (a)  the  four-cell 
achromat,  (b)  creation  of  MARYLIE  procedure  loops 
used  to  fit  first-order  and  second-order  optical  constraints 
interactively,  and  (c)  the  use  of  two  MARYLIE  procedure 
loops  to  fit  both  sets  of  conditions  as  a  “batch  job.”  All 
images  are  from  the  Windows95/98/NT  implementation. 

The  construction  of  a  scalable  version  of  this  type  of 
achromatic  bend  had  been  discussed  previously  [5,6]. 
With  the  PBO  Lab,  formulas  can  be  used  to  incorporate 
dependent  parametric  relationships  between  elements  [5], 
while  intelligent  alias  elements  replicate  either  identical  or 
near-identical  elements  with  no  redundant  data  [3,6].  The 
graphical  construction  of  a  beamline  defines  all  data 
necessary  to  run  any  of  the  particle  optics  modules 
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installed  in  the  PBO  Lab.  The  PBO  Lab  takes  care  of  all 
I/O  requirements  for  each  code,  with  no  knowledge  required 
of  the  user  concerning  command  syntax,  file  formats,  or 
similar  code-specific  details. 

The  principal  design  tasks  are  to  determine:  (a)  the 
quadrupole  strengths  that  are  necessary  for  each  cell  to 
have  phase  advances  of  90°  in  both  transverse  directions 
(i.e.  quarter-wave  transformer),  and  (b)  the  sextupole 
strengths  that  are  required  to  eliminate  (second-order) 
chromatic  aberrations.  The  primary  performance  studies 
involve  simulating  beams  with  different  momentum 
spreads  passing  through  the  beamline.  MARYLIE  can 
perform  both  of  these  functions  (as  well  as  many  more). 
The  remainder  of  this  paper  illustrates  how  this  is  done 
using  the  PBO  Lab. 

2.1  Solving  Fitting  Problems 

Fitting  with  MARYLIE  is  done  using  procedure  loops 
[1].  A  procedure  loop  is  readily  defined  graphically  in  the 
PBO  Lab:  the  user  selects  (with  the  mouse)  a  beamline 
segment  containing  one  or  more  Marker  Pieces,  and  then 
chooses  the  “Create  Procedure  Loop”  option  from  the 
Commands  menu.  The  steps  are  similar  to  the  actions 
used  to  interactively  create  a  Map  Piece  [6],  Figure  1(b) 
illustrates  the  selection  of  elements  and  creation  of  the 
procedure  loop  for  fitting  the  first-order  properties  of  the 
achromat.  Desired  optical  conditions  are  set  using  Marker 
Pieces  in  a  procedure  loop,  while  the  parameters  to  be 
varied  are  set  using  “S”  buttons  in  the  Piece  Windows  of 
elements,  similar  to  those  of  the  PBO  Lab  TRANSPORT 
Module  [5].  The  first  Marker  Piece  is  used  to  specify  the 
desired  phase  advances  for  the  first  cell,  and  the  field 
gradients  of  the  first  two  Quad  Pieces  are  selected  as 
variation  parameters.  MARYLIE  uses  tunes  v ,  related  to 
the  phase  advances  p.  by  v  =  p/(2n),  so  for  transverse 
phase  advances  of  Jt/2  the  MARYLIE  fitting  aims  are: 

vx  =  0.25  and  vy  =  0.25  (1) 


The  first-order  fit  may  be  carried  out  interactively, 
and  then  the  Lie  Map  coefficients  examined  to  select  the 
largest  non-linear  terms  to  minimize  as  a  second  step. 
This  is  easily  done  using  a  graphic  display  of  the 
polynomial  coefficients  for  a  Map  Piece  of  the  beamline. 
The  desired  fitting  conditions  for  second-order  are: 

fs(33)  =  0  and  f3(67)  =  0  .  (2) 

The  first  procedure  loop  is  removed  and  a  second  procedure 
loop  containing  all  four  cells  is  then  defined.  This  loop  is 
also  shown  in  Figure  1(b),  with  the  aims  (2)  specified 
using  the  Marker  Piece  at  the  end  of  the  achromat,  and  the 
first  two  sextupole  strengths  selected  as  fitting  variables. 
Alternatively,  two  separate  procedure  loops  may  be  created 
as  illustrated  in  Figure  1  (c),  to  define  a  single  “batch  job,” 
which  will  sequentially  carry  out  both  the  first-  and 
second-order  fitting  using  a  single  interactive  command. 

2.2  Comparison  of  Results  to  Other  Calculations 

The  results  from  MARYLIE  may  be  readily  compared  to 
results  from  any  other  code  integrated  with  PBO  Lab  2.0. 
The  ease  of  carrying  out  such  comparisons  is  difficult  to 
over-emphasize.  For  example,  to  compare  beamline 
transfer  maps  or  output  beam  distributions,  one  simply 
selects  a  different  sub-menu  from  the  Commands  Menu 
[3]  and  executes  an  appropriate  command.  The  PBO  Lab 
takes  care  of  correctly  formatting  the  input  to  each  code, 
executing  the  selected  command,  and  displaying  the 
results.  Appropriate  TRANSPORT  fitting  constraints 
equivalent  to  those  given  by  (1)  and  (2)  are  easily  defined 
with  PBO  Lab  [5]: 

R, ,  +  R„  =  0  and  R„  +  R44  =  0  ,  (3) 

T126  =  0  and  T346  =  0  .  (4) 

Table  1  summarizes  the  fitting  results  obtained  for 
the  quadrupole  and  sextupole  field  strengths  using  the 
MARYLIE  and  TRANSPORT  Modules  of  PBO  Lab  2.0. 


Table  1.  Comparison  of  quadrupole  and  sextupole  fitting  results  using  the  MARYLIE  and  TRANSPORT  Modules  with 
PBO  Lab  2.0  for  the  achromatic  bend  described  in  reference  [5],  Tolerances  for  all  aims  were  set  at  10'6. 

Computation  Engine  Quadrupole  1  (B’)  Quadrupole  2  (B1)  Sextupole  1  (S)  Sextupole  2  (S) 

MARYLIE  9.6843595  T/m  -10.180100  T/m  107.41  T/m2  -146.74  T/m2 

TRANSPORT  9.6843590  T/m  -10.180092  T/m  107.04  T/m2  -145.67  T/m2 


2. 3  Performance  Simulations  of  Beamlines 

Once  the  fitting  tasks  are  complete,  MARYLIE  may  then 
be  used  to  simulate  the  performance  of  the  achromat  for 
different  initial  beam  conditions.  Several  ray  tracing  and 
tracking  options  are  available  in  MARYLIE.  Figure  2 
illustrates  results  using  the  element-by-element  ray  tracing 
command.  Six  output  beam  cross  sections  are  shown: 
three  for  the  achromat  with  the  sextupole  correctors  turned- 
off,  and  three  with  the  sextupole  strengths  set  to  the 


values  given  in  Table  1.  The  initial  beam  for  all  cases 
was  a  6-D  uniformly  filled  ellipsoid  of  1000  particles  with 
semi-axes  parameters  from  Table  1  of  reference  [7]. 
Results  are  shown  for  three  different  initial  momentum 
spreads.  The  second-order  achromat  performs  very  well  for 
this  beam  with  a  9%  momentum  spread,  nearly  identical 
to  that  for  a  beam  with  3%  momentum  spread,  and  may  be 
adequate  for  use  with  momentum  spreads  up  to  27%, 
depending  upon  the  application. 
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Figure  2.  Two-dimensional  scatter  plots  of  the  beam  cross-section  at  the  end  of  the  achromatic  bend,  without  sextupole 
correctors  [top  (a)-(c)]  mid  with  sextupole  correctors  [bottom  (d)-(f)].  In  both  cases,  results  are  shown  for  three  different 
values  of  the  initial  momentum  spread  8:  3%,  9%  and  27%,  increasing  from  left  to  right.  Window  images  are  from  the 
PBO  Lab  2.0  MARYLIE  Module  as  implemented  for  Windows95/98/NT  platforms. 


3  SUMMARY 

An  innovative  MARYLIE  Module  for  the  PBO  Lab  [8] 
has  been  developed  that  provides  an  easy-to-use  graphic 
interface  for  setting  up  problems  and  executing 
commands.  The  unique  S.P.A.R.C.  MP  framework  [3] 
provides  both  for  the  graphical  construction  of  beamlines 
and  for  graphically  formulating  MARYLIE  procedures. 
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Abstract 

The  Frequency  Map  Analysis  method  is  applied  in  mod¬ 
els  of  LHC  optics  versions  5  and  6  in  order  to  study  their 
non-linear  dynamics.  The  maps  present  a  global  picture 
of  the  resonance  structure  of  the  phase  space.  They  en¬ 
able  us  to  view  the  dangerous  zones  tracing  the  limits  of 
the  dynamic  aperture.  This  approach,  assisted  by  detailed 
resonance  analysis,  is  used  as  a  guide  for  exploring  possi¬ 
ble  correction  schemes,  which  are  subsequently  verified  by 
long-term  tracking. 

1  INTRODUCTION 

The  long  term  stability  of  the  beam  is  the  major  concern 
for  the  design  of  a  hadron  collider,  as  the  LHC  [1].  Espe¬ 
cially  during  long  injection  period  of  more  than  107  turns 
needed  to  fill  the  LHC  with  2835  bunches  per  beam,  parti¬ 
cle  trajectories  are  perturbed  strongly  by  non-linear  magnet 
fields,  mainly  attributed  to  the  multipole  errors  of  the  super¬ 
conducting  magnets.  In  order  to  estimate  the  dynamic  aper¬ 
ture  (D.A.),  the  region  of  the  phase  space  where  particles 
survive  after  a  long  time,  particle  tracking  is  usually  em¬ 
ployed,  with  codes  optimised  for  this  task  [2, 3].  Never¬ 
theless,  even  in  the  upgraded  multiprocessor  system  now 
available  at  CERN  [4],  tracking  studies  of  the  full  injec¬ 
tion  plateau  are  extremely  time  consuming.  Simulations 
are  thus  limited  to  1%  of  the  total  injection  period  and  a  re¬ 
duction  factor  of  7%  [5, 6]  is  taken  into  account  for  the  es¬ 
timation  of  the  D.A.  [7].  Beside  the  numerical  difficulties, 
the  main  drawback  comes  from  the  fact  that  tracking  cannot 
provide  enough  information  about  the  system’s  phase  space 
structure.  The  application  of  high-order  perturbation  the¬ 
ory  has  been  extensively  used  in  beam  physics  [8,9]  in  or¬ 
der  to  give  some  insight  regarding  the  systems’  non-linear 
dynamics.  However,  the  construction  of  some  optimal  set 
of  variables  (normal  forms  or  action-angle)  for  the  eval¬ 
uation  of  the  phase  space  distortion  cannot  be  applied  in 
the  parts  of  the  phase  space  which  are  close  to  instabilities, 
such  as  resonances  or  chaotic  regions.  In  fact,  an  approach 
giving  in  a  direct  way  a  global  view  of  the  phase  space 
structure  is  needed.  This  later  can  be  achieved  by  the  Fre¬ 
quency  Map  Analysis  (F.M.A),  a  method  extensively  used 
in  celestial  mechanics  [10, 1 1]  and  in  Hamiltonian  toy  mod¬ 
els  [12-14]  but  only  recently  in  real  accelerators,  as  the 
ALS  [15]  or  the  LHC  [7],  The  method  relies  on  the  high  ’ 
precision  calculation  [18]  of  another  fixed  feature  of  KAM 
orbits,  the  associated  frequencies  of  motion  and  can  be  di¬ 
rectly  applied  in  short  term  tracking  data.  Moreover,  the 
variation  of  the  frequencies  over  time  [7, 13, 14]  can  pro¬ 
vide  an  early  stability  indicator  as  good  as,  if  not  better 
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than,  the  Lyapounov  exponent. 

After  a  brief  introduction  to  the  method  (Sect.  2),  we 
display  in  frequency  maps  the  global  dynamics  for  cases  of 
interest  of  LHC  optics  version  5  and  6,  show  many  inter¬ 
esting  features  of  the  phase  space  structure  and  demonstrate 
the  efficiency  of  the  method  in  comparing  different  designs 
through  a  diffusion  quality  factor  (Sect.  3).  The  last  section 
is  devoted  to  the  final  conclusions  and  perspectives. 

2  FREQUENCY  MAPS 

The  first  step  is  to  derive  through  the  NAFF  algorithm  [10] 
or  variants  of  this  code  (e.g.  SUSSIX  [17]),  a  quasi- 
periodic  approximation,  truncated  to  order  N, 

N 

*:=i 


with  fj(t),  a,jtk  G  C  and  j  =  1, . . . ,  n,  of  a  complex  func¬ 
tion  fj(t)  =  qj(t)  +  ipj(t),  formed  by  a  pair  of  conju¬ 
gate  variables  of  a  n  degrees  of  freedom  Hamiltonian  sys¬ 
tem,  which  are  determined  by  usual  numerical  integration, 
for  a  finite  time  span  t  =  r.  The  next  step  is  to  retain 
from  the  quasi-periodic  approximation  the  frequency  vec¬ 
tor  v  =  {vx,v2,...,vn)  which,  up  to  numerical  accu¬ 
racy  [18],  parameterises  the  KAM  tori  in  the  stable  regions 
of  a  non-degenerate  Hamiltonian  system.  Then,  the  con¬ 
struction  of  the  frequency  map  can  take  place  [12-15],  by 
repeating  the  procedure  for  a  set  of  initial  conditions  which 
are  transversal  to  the  orbits  of  interest.  As  an  example,  we 
may  keep  all  the  q  variables  constant,  and  explore  the  mo¬ 
menta  p  to  produce  the  map  Tt\ 


Tt  : 


(2) 


The  dynamics  of  the  system  is  then  analysed  by  studying 
the  regularity  of  this  map. 

3  APPLICATION  TO  THE  LHC 


The  F.M.A  is  applied  to  the  short-term  tracking  data  (t  = 
103  turns)  issued  by  SIXTRACK  [3],  for  a  large  number  of 
initial  conditions  («  104).  We  select  an  arbitrary  section 
of  the  phase  space,  setting  the  initial  transverse  momenta 
to  zero.  The  particle  coordinates  are  chosen  equally  spaced 
in  the  transverse  linear  Courant-Snyder  invariants  7xo  and 
Iyo,  at  different  ratios  Ixo/Iyo-  Hence,  we  construct  the 
map 


Tt 


{Ixi  ^y)lpx,Py=0» 


(3) 


and  proceed  to  the  dynamical  analysis  of  the  accelerator 
model. 
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Figure  1:  Frequency  and  amplitude  maps  for  LHC  optics  version  5  target  table  without  ((a),(c))  and  with  ((b), (d))  the 
high  04  value  of  error  table  9712  on  the  dipoles. 


In  order  to  reach  the  target  D.A.  of  12a  for  the  LHC  in¬ 
jection  optics,  giving  a  necessary  safety  factor  of  2  with 
respect  to  the  position  of  the  collimators  at  6 a,  a  target  er¬ 
ror  table  was  proposed.  A  frequency  map  for  optics  ver¬ 
sion  5  with  this  error  table  and  for  the  nominal  working 
point  ( Qx  —  63.28,  Qy  =  59.31)  is  shown  in  Fig.  la. 
This  specific  machine  gives  an  average  D.A.  over  1 1  dif¬ 
ferent  invariant  ratios  of  13.1cr  and  a  minimum  of  12.1a 
(at  arctan(/yo//xo)  =  15°).  values  which  are  close  to 
the  average  and  minimum  D.A  over  all  the  60  random  re¬ 
alisation  of  the  magnet  errors  (“seeds”)  usually  produced 
for  6D  tracking.  Each  point  in  the  frequency  space  cor¬ 
responds  to  a  different  orbit.  The  different  colours  in  the 
map  correspond  to  orbits  with  different  initial  amplitude 
I  =  a/7|  +  Iy2  (from  0  —  16cr)  and  the  black  dots  la¬ 
bel  initial  conditions  with  different  ratios  (from  15°  to 
75°).  The  orderly  spaced  points  correspond  to  regular  or¬ 
bits  whereas  the  dispersed  points  to  chaotic  ones.  This 
plot  is  a  snapshot  of  the  so  called  Arnold  web,  the  com¬ 
plicated  network  of  resonances  aux  +  bi/y  +  c  =  0,  which 
appear  as  distortion  of  the  map  (empty  and  filled  lines)  and 
can  be  easily  identified.  For  example,  we  put  in  evidence 
the  importance  of  three  7th  order  resonances  ((a,  b)  = 
(7, 0),  (6,  -1)  and  (-2, 5)).  Especially,  the  crossings  of  the 


resonant  lines  are  “hot  spots”,  from  which  particles  can  eas¬ 
ily  diffuse:  as  an  example,  we  show  the  evolution  of  the  fre¬ 
quency  of  an  orbit  starting  close  to  the  crossing  of  the  (7, 0) 
with  the  (-3, 6)  and  (4, 6)  resonances.  The  orbit  diffuses 
along  the  unstable  manifold  of  the  7th  order  resonance  and 
is  lost  after  a  few  thousand  turns.  This  is  a  clear  demon¬ 
stration  of  the  importance  of  this  resonance  with  respect  to 
the  D.A.  of  this  model. 

One  of  the  main  issues  in  the  specification  of  the  LHC 
injection  optics,  is  the  correction  of  the  systematic  part  of 
the  lowest  order  multipole  errors  of  the  super-conducting 
dipoles,  which  limit  the  D.A.  [6].  This  is  usually  done  by 
magnetic  coils  (“spool  pieces”)  placed  at  the  ends  of  the 
dipoles.  In  the  case  of  the  last  9712  error  table,  where  bi¬ 
ases  of  the  normal  and  skew  octupoles  have  been  signifi¬ 
cantly  raised,  there  was  an  important  loss  of  the  dynamic 
aperture  [19]  with  respect  to  the  target  error  table.  A  fre¬ 
quency  map  for  the  same  “seed”  as  for  the  previous  case 
with  the  skew  octupole  error  of  the  9712  table  in  the  dipoles 
is  shown  in  Fig.  lb.  The  phase  space  now  looks  much 
more  distorted.  The  most  remarkable  feature  concerning 
the  system’s  dynamics  is  the  explosion  of  the  detuning, 
to  the  point  that  particles,  especially  the  ones  with  initial 
amplitude  ratio  of  45°  are  diffusing  towards  the  diagonal 


1555 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Figure  2:  Positioning  of  the  main  resonances  the  initial  am¬ 
plitude  space  for  two  different  correction  schemes  of  the  64, 
65  error  on  the  main  dipoles  of  LHC  optics  version  6. 

(1,  —1)  in  the  right  comer  of  the  map.  On  the  other  hand, 
particles  close  to  horizontal  motion  at  the  top  of  the  map 
are  approaching  the  (0, 3)  resonance  and  the  ones  close  to 
vertical  motion  the  (4, 0).  This  finding  has  been  confirmed 
with  Normal  Form  analysis.  The  dynamic  aperture  could 
be  recovered  by  tuning  the  skew  octupole  spool  pieces  such 
as  to  cancel  the  (1,  -1)  resonance  [19].  The  global  dynam¬ 
ics  of  these  two  cases  can  be  also  displayed  in  the  physical 
space  of  the  system  by  mapping  each  initial  condition  with 
a  diffusion  indicator:  the  tune  can  be  calculated  for  two 
equal  and  successive  time  spans  which  correspond  to  half 
of  the  total  integration  time  r,  giving  a  diffusion  vector: 

D\t=r  =  HteiO.r /2]  —  v\ tg(T/2,r]  >  (4) 

the  amplitude  of  which  can  be  used  for  characterising  the 
instability  of  each  orbit.  In  Figs,  lc  and  d,  we  plot  the 
points  in  the  (/xo,  L/o)-space  with  a  different  colour  cor¬ 
responding  to  different  diffusion  indicators  in  logarithmic 
scale:  from  grey  for  stable  (|£>|  <  10~7)  to  black  for 
strongly  chaotic  particles  (|D|  >  10-2).  Through  this  rep¬ 
resentation  we  are  able  to  view  the  traces  of  the  resonances 
in  the  physical  space,  and  set  a  pessimistic  threshold  for 
the  minimum  D.A..  Moreover,  we  can  compute  a  diffusion 
quality  factor  defined  as  the  average  of  the  local  diffusion 
coefficient  to  the  initial  amplitude  of  each  orbit,  over  a  do¬ 
main  R  of  the  phase  space: 

DQF  =  (  (42o-Uo)1/2  ’  (5> 

This  quantity  can  be  used  for  the  comparison  of  different 
designs  and  the  optimisation  of  the  correction  schemes  pro¬ 
posed.  For  example,  for  the  normal  octupole  and  decapole 
correction  of  LHC  optics  version  6,  five  schemes  where 
proposed,  regarding  the  positioning  of  the  “spool  pieces”. 
In  Fig.  2,  we  display  the  strongly  excited  resonances  (four 
of  7th  and  one  9th  order)  in  the  amplitude  space  for  the  best 
and  worst  case,  as  suggested  by  the  diffusion  quality  factor. 
The  best  one  corresponds  to  the  nominal  scheme,  where  the 


“spool  pieces”  are  positioned  in  every  dipole  and  correct 
the  average  value  of  64  and  65  systematic  per  arc,  whereas 
the  worst  machine  corresponds  to  a  correction  with  spool 
pieces  in  every  second  dipole.  In  both  cases  only  the  sys¬ 
tematic  per  arc  64  and  65  errors  are  switched  on,  which 
explains  the  relatively  weak  distortion  of  the  phase  space 
for  small  amplitudes.  On  the  other  hand,  in  tha  “bad”  case, 
the  dangerous  resonances  are  shifted  towards  lower  ampli¬ 
tudes,  as  the  detuning  is  higher,  especially  for  horizontal 
motion.  In  fact,  this  correction  option  is  not  good  for  the 
LHC,  due  to  the  odd  number  of  dipoles  per  half  cell. 

4  CONCLUSIONS 

The  F.M.A.  was  employed  for  the  thorough  study  of  the  dy¬ 
namics  of  different  LHC  machines  with  the  injection  optics 
version  5  and  6.  All  the  fine  details  of  the  systems’  phase 
space  are  directly  viewed  in  frequency  maps.  Through  the 
evolution  of  the  tunes  with  time,  the  drifting  of  chaotic  or¬ 
bits  is  followed  in  the  frequency  space  and  different  types 
of  diffusion  are  shown.  Moreover,  the  tune  difference  for 
two  successive  time  spans  enables  the  representation  of  the 
resonance  structure  and  phase  space  distortion  on  the  initial 
amplitude  space.  This  instantaneous  diffusion  coefficient 
allows  the  computation  of  a  global  quality  factor  which 
can  be  efficiently  used  for  comparison  of  different  acceler¬ 
ator  models  with  respect  to  their  phase  space  stability.  The 
method  can  be  applied  to  the  study  of  many  open  problems 
regarding  the  LHC  non-linear  dynamics,  as  the  beam-beam 
effect,  the  optimal  choice  of  the  working  point  and  its  sen¬ 
sitivity  to  small  variations  or  the  influence  of  tune  modu¬ 
lation.  For  this,  it  is  envisaged  to  extend  the  approach  to 
the  full  6D  phase  space.  Indeed,  the  challenge  will  be  to 
establish  the  statistical  correlation  of  early  indicators  such 
as  the  frequency  variation  with  the  beam  lifetime. 
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Abstract 

It  has  been  shown  that  the  Fourier  analysis  of  recorded 
tum-by-tum  tracking  data  can  be  used  to  derive  reso¬ 
nance  terms  of  an  accelerator.  Beside  the  resonance  driving 
terms,  the  non-linear  one-turn  map  can  be  obtained  with 
all  non-linearities  arising  from  magnetic  imperfections  and 
correction  elements.  This  could  be  interesting  for  the  LHC 
which  will  be  a  machine  dominated  by  strong  non-linear 
fields.  The  method  works  very  well  for  tracking  data  and  is 
expected  to  work  equally  well  for  tum-by-turn  beam  data. 
The  precision  to  which  these  terms  can  be  determined  re¬ 
lies  on  the  frequency  analysis  tool.  To  demonstrate  the  fea¬ 
sibility  of  the  method,  measurements  of  real  accelerators 
are  presented  in  which  the  beam  is  kicked  once  and  the 
beam  oscillations  are  recorded  over  several  thousand  turns. 
Besides  the  tune,  the  strengths  of  resonance  driving  terms 
have  been  measured  and  the  results  are  compared  with  nu¬ 
merical  calculations. 

1  INTRODUCTION 

The  application  of  perturbative  techniques  for  the  analysis 
of  tracking  and  also  of  experimental  data  has  proven  to  be 
difficult  since  it  requires  a  detailed  knowledge  of  all  the 
magnetic  elements  in  the  accelerator  lattice.  Checking  such 
a  model  experimentally  [1]  may  prove  even  more  difficult. 

More  recently  it  has  been  shown  [2]  that  frequency  anal¬ 
ysis  a  la  Laskar  [3]  of  tracking  data  does  allow  to  derive  all 
driving  and  Hamiltonian  terms  in  an  order-by-order  proce¬ 
dure  without  any  knowledge  of  the  accelerator  model  [4], 

In  1998,  first  experiments  at  the  SPS  and  LEP  have 
been  performed  to  show  the  feasibility  of  this  method  using 
tum-by-tum  data  from  pickups  instead  of  tracking.  Even¬ 
tually,  the  goal  is  to  measure  simultaneously  the  following 
information: 

1.  Phase  advance  between  pickups 

2.  /1-beating 

3.  Linear  coupling  [5] 

4.  Detuning  versus  amplitude 

5.  Driving  terms  of  resonances 

6.  Full  non-linear  model  of  the  accelerator 

Once  the  method  has  been  proven  to  work  reliably  in 
the  case  of  real  accelerators,  it  will  be  possible  to  use  it 
for  feed-back  control  of  linear  coupling,  but  also  for  the 
planned  LHC  63  and  65  spool  piece  correction. 


2  EXPERIMENTS 

Several  measurements  were  carried  out  in  1998.  One  with 
LEP  and  two  with  the  SPS  [6,  7].  We  show  the  detun¬ 
ing  as  a  function  of  the  linear  invariant  Ix  =  ex/2  and 
the  three  first-order  horizontal  spectra  lines  which  are  due 
to  sextupoles  in  both  machines.  These  are  the  (3,0)  reso¬ 
nance  (/3000  term)  and  the  (1,0)  resonance  (/2100  and  /1200 
term)  [2]. 

2.1  SPS  experiment 

The  SPS  is  an  ideal  test  bed  for  this  kind  of  investigation. 
The  machine  has  practically  no  multipolar  components  so 
that  particles  exhibit  mainly  linear  oscillations.  Moreover, 
closed  orbit,  linear  coupling  and  chromaticity  have  been 
well  corrected.  This  “ideal”  machine  is  made  non-linear 
with  the  use  of  eight  strong  sextupoles. 

In  the  experiment,  the  beam  is  kicked  to  various  ampli¬ 
tudes  and  the  tum-by-tum  data  is  recorded  by  all  pickups 
in  one  sixth  of  the  machine  (to  which  the  SPS  turn-by  turn 
recording  system  is  presently  limited). 

As  expected  from  earlier  experiments  [1]  the  detuning 
as  a  function  of  the  linear  invariant  (Fig.  la)  is  very  well 
predicted  by  tracking  (all  solid  lines  in  Fig.  1  are  tracking 
results  obtained  with  SIXTRACK  [8]).  Very  promising  is 
the  agreement  between  the  tracking  and  the  experiment  for 
the  (3,0)  resonance  (Fig.  lb),  the  experimental  data  are  sys¬ 
tematically  lower  by  a  few  percent  only.  When  studying  the 
first  (1,0)  resonance  (Fig.  lc)  a  problem  of  the  closed  orbit 
measuring  system  becomes  apparent.  This  line  is  the  am¬ 
plitude  dependent  offset  of  the  FFT  signal  after  the  kick. 
To  calculate  this  line  one  has  to  measure  and  subtract  the 
signal  offset  before  the  kick  which  was  not  possible  with 
sufficient  precision.  Moreover,  the  number  of  data  samples 
were  limited  to  170  turns  and  there  had  been  unavoidable 
electronic  spikes.  Lastly,  we  present  the  other  (1,0)  res¬ 
onance  (Fig.  Id))  which  should  suffer  less  from  the  limi¬ 
tations  of  the  measurement  system.  Indeed,  we  find  less 
noise  signals  in  that  case.  However,  there  is  a  significant 
discrepancy  with  the  tracking  data  which  remains  to  be  un¬ 
derstood. 

2.2  LEP  experiment 

The  electron  storage  ring  LEP  was  used  for  another  exper¬ 
iment.  Five  different  cases  were  studied  with  the  90/60  op¬ 
tics  used  for  physics  runs  in  1997:  one  tune  close  to  the 
(3,0)  resonance  and  two  tunes  at  increasing  distance  to  that 
resonance.  In  the  latter  two  cases  the  beam  was  kicked  to  2 
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Figure  1 :  Detuning  and  First  Order  Sextupole  Driving  Terms 

Part  (a):  Detuning  versus  linear  Invariant  Ix ;  Part  (b):  (3, 0)  Resonance  versus  Amplitude; 

Part  (c):  (1,  0)  Resonance  (/2100)  versus  Amplitude;  Part  (d):  (1,  0)  Resonance  (/1200)  versus  Amplitude; 
-Lines  are  from  tracking  -Symbols  are  experimental  data 


different  amplitudes  (each  case  is  represented  by  another 
symbol  in  Fig.  2).  In  Fig.  2a  the  detuning  curves  are 
recorded  with  a  sliding  window  in  time  for  two  different 
kick  strengths.  Both  curves  lie  fairly  well  on  top  of  each 
other.  The  effect  of  radiation  can  be  directly  observed  and 
there  is  no  sign  of  filamentation  [9].  Moreover,  the  de¬ 
tuning  is  well  predicted  by  tracking  (solid  line  as  calcu¬ 
lated  with  MAD  [10]).  Both  terms  of  the  (1,0)  resonance 
(part  (c)  and  (d)  of  Fig.  2)  show  good  agreement  between 
the  tracking  and  the  experiment  after  inclusion  of  radia¬ 
tion  (the  straight  curve  in  part  (c)  is  obtained  without  ra¬ 
diation).  However,  the  (3,0)  resonance  has  a  significant 
discrepancy  with  the  tracking  data  even  when  radiation  is 
properly  treated.  We  find  almost  a  factor  10  between  ex¬ 
periment  and  tracking.  Although  we  do  not  yet  have  a  full 


understanding  of  the  cause  of  this  difference  it  can  probably 
be  addressed  to  random  sextupole  components  which  are 
not  included  in  the  tracking. 

3  CONCLUSIONS 

Since  the  detuning  versus  amplitude  can  be  well  predicted 
from  tracking  (for  the  SPS  as  well  as  LEP)  we  are  confident 
that  our  model  includes  the  proper  systematic  part  of  the 
non-linearities.  With  respect  to  the  first-order  sextupole 
resonances  the  results  are  promising,  but  not  yet  conclu¬ 
sive.  In  the  case  of  the  SPS  one  resonance  (3,0)  is  well 
predicted,  but  only  one  of  the  (1,0)  resonances  can  be  mea¬ 
sured  with  sufficient  precision  but  is  wrong  by  a  factor  of 
two.  For  LEP  the  (3,0)  resonance  is  largely  underestimated, 
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Figure  2:  Detuning  and  First  Order  Sextupole  Driving  Terms 
Part  (a):  Detuning  versus  kick  amplitude  [kV2];  Part  (b):  (3, 0)  Resonance  versus  Amplitude; 

Part  (c):  (1,0)  Resonance  (/2100)  versus  Amplitude;  Part  (d):  (1,0)  Resonance  (/1200)  versus  Amplitude; 
-Lines  are  from  tracking  -Symbols  are  experimental  data 


probably  due  to  the  effect  of  the  machine  errors  which  in¬ 
crease  the  driving  terms  by  more  than  one  order  of  magni¬ 
tude  as  shown  in  Ref.  [11],  while  the  two  parts  of  the  (1,0) 
resonances  are  in  good  agreement  with  the  tracking. 

We  can  conclude  that  there  is  a  large  potential  for  this 
method.  However,  more  experimental  studies  and  better 
tracking  models  are  needed  to  make  it  a  useful  tool  to  mea¬ 
sure  and  correct  non-linear  effects  in  real  machines. 
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Abstract 

A  primary  concern  regarding  the  LHC  dynamic  aperture  is 
the  time  dependence  of  persistent-current  sextupole  fields 
in  the  superconducting  magnets.  Decaying  slowly  dur¬ 
ing  injection,  these  fields  are  reinduced  rapidly  at  the  start 
of  the  acceleration  (“snap-back”).  If  uncompensated,  this 
snap-back  would  cause  a  chromaticity  change  by  some  130 
units.  We  investigate  how  this  time  dependence  and  the 
ramp  rate  affect  the  stability  of  particle  motion  and  we  eval¬ 
uate  the  efficiency  of  different  correction  schemes. 

1  INTRODUCTION 

Superconducting  magnets  provide  high  magnetic  fields  at 
low  operating  costs.  Therefore,  they  are  the  magnets  of 
choice  for  the  present  and  next-generation  highest-energy 
proton  storage  rings,  e.g.,  for  the  Large  Hadron  Collider 
(LHC)  now  under  construction  at  CERN  [1],  The  super¬ 
conducting  magnets  exhibit  large  nonlinear  field  errors. 
These  are  partly  caused  by  the  geometry  of  the  supercon¬ 
ducting  coils,  and  partly  due  to  “persistent  currents”  (p.c.), 
which  are  eddy  currents  in  the  superconducting  cable.  The 
nonlinear  field  errors  are  expected  to  limit  the  LHC  “dy¬ 
namic  aperture”  (the  stable  region  of  phase  space  where 
particles  are  not  lost)  at  injection  energy. 

In  order  to  ensure  an  adequate  dynamic  aperture  of  6a 
as  required  by  the  collimation  system  [1],  the  effect  of  the 
strongest  magnet  nonlinearities,  such  as  the  normal  sex¬ 
tupole  component,  will  be  compensated  by  dedicated  mul¬ 
tipole  correctors.  At  the  injection  plateau,  where  the  mag¬ 
net  field  quality  is  most  critical,  the  p.c.  errors  decay  in 
time  [2,  3].  This  decay  is  caused  both  by  a  slow  flux  creep 
in  the  superconductor  and,  more  importantly,  by  a  current 
redistribution  between  the  strands  of  the  superconducting 
cable.  At  the  start  of  the  acceleration  the  p.c.  fields  are  re¬ 
induced  rapidly,  a  phenomenon  called  the  “snap-back”  [2], 

During  acceleration  a  new  kind  of  eddy  current  is  in¬ 
duced  in  the  loops  formed  by  the  twisted  strands  in  the  su¬ 
perconducting  cable  [4, 5].  The  resulting  dynamic  field  im¬ 
perfections  are  proportional  to  the  ramp  rate  and  inversely 
proportional  to  the  inter-strand  resistance. 

In  this  report  we  employ  particle  tracking  to  investigate 
the  influence  of  the  persistent-current  decay,  the  snap-back 
and  the  ramp-induced  field  imperfections  on  the  dynamic 
aperture,  and  we  estimate  the  implied  tolerances  on  chro¬ 
matic  correction  and  ramping  speed. 

2  PARAMETERS 

The  LHC,  a  double  storage-ring  with  a  circumference  of 
26.7  km,  is  designed  to  collide  two  7-TeV  proton  beams. 
Relevant  parameters  at  injection  energy  are  compiled  in 


Table  1 .  It  will  take  about  7  minutes  to  inject  both  LHC 
beams;  a  three  times  longer  time  period  is  required  for  ac¬ 
celeration  to  top  energy. 

The  tracking  simulation  with  the  SIXTRACK  code  [6] 
models  a  time-span  of  105  turns,  which  corresponds  to  ap¬ 
proximately  1%  of  the  total  injection  period.  Initial  particle 
coordinates  are  chosen  equally  spaced  in  the  transverse  lin¬ 
ear  Courant-Snyder  invariants  Ix o  and  Iy o,  at  a  constant  ra¬ 
tio  of  Ixo/Iyo  (usually  1).  The  initial  transverse  momenta 
are  set  to  zero  and  the  initial  energy  error  is  S  =  1.6a 
(or  7.5  x  10-4),  roughly  75%  of  the  rf  bucket  half  size. 
Twin  particles  with  slightly  different  initial  conditions  are 
tracked  in  order  to  determine  the  onset  of  chaotic  motion 
by  computing  the  Lyapunov  exponent  [7].  The  tracking 
is  repeated  for  10  random  seeds  of  the  multipole  errors, 
and  we  infer  both  the  average  and  the  minimum  dynamic 
aperture  over  all  error  seeds.  Throughout  this  report,  the 
dynamic  aperture  a  refers  to  a  simultaneous  amplitude  in 
both  transverse  planes,  in  units  of  the  rms  behm  size.  The 
aperture  is  calculated  from  the  transverse  phase  space  areas 
Ax,v  inscribed  by  a  particle  during  its  betatron  motion,  via 
a  =  y/(Ax  +  Ay)/(2n). 

Our  simulation  study  assumes  a  realistic  set  of  nonlin¬ 
ear  field  components  for  the  main  dipoles  known  by  the 
acronym  “9712”.  The  strengths  of  the  sextupole  field  er¬ 
rors  for  this  error  set  are  given  in  Table  2.  Higher  multi¬ 
poles  and  their  variation  up  to  order  1 1  (not  listed  in  the 
table)  are  also  taken  into  account.  The  simulation  is  per¬ 
formed  for  LHC  optics  version  6,  with  a  4-integer  tune  split 
between  the  horizontal  and  vertical  plane.  The  linear  op¬ 
tics  is  considered  to  be  constant.  Thus,  changes  of  dipole 
and  quadrupole  fields  or  feeddown  from  higher-order  mul¬ 
tipoles  for  off-center  orbit  are  disregarded. 


Table  1 :  LHC  injection  parameters. 


parameter 

symbol 

value 

proton  energy 

E 

450  GeV 

transv.  norm,  emittance 

lex,y 

3.75  /mi 

transv.  rms  beam  size  in  arc 

~  1.2  mm 

rms  energy  spread 

06 

4.7  x  10~4 

rms  bunch  length 

Oz 

13  cm 

betatron  tunes 

Qx,y 

63.28, 59.31 

3  CHROMATICITY 

The  decrease  of  the  average  sextupole  fields  due  to 
persistent-current  decay  at  injection  energy,  if  uncompen¬ 
sated,  results  in  a  huge  chromaticity  variation  of  A Q'x  « 
+144,  and  A Q'y  «  —129  (where  Q'  is  defined  as 
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AQ/(Ap/p)).  The  opposite  chromaticity  change  occurs, 
in  less  than  1  minute,  during  the  snap-back.  To  perma¬ 
nently  maintain  a  small  net  chromaticity,  sextupole  correc¬ 
tion  coils  must  be  powered  synchronized  with  the  accel¬ 
erating  cycle.  It  is  of  interest  to  estimate  the  correction 
accuracy  required. 

Table  2:  Normal  and  skew  sextupole  components  in  the 
main  LHC  dipoles,  assumed  in  this  study.  The  errors  are 
quoted  in  units  of  10-4,  normalized  to  the  main  dipole 
field,  for  a  reference  radius  of  17  mm.  The  different  rows 
show  the  field  errors  due  to  p.c.  decay,  geometry  &  iron, 
persistent  currents,  and  acceleration  at  the  nominal  ramp 
rate  of  8T/20min,  respectively.  In  each  case  the  first  num¬ 
ber  is  the  mean  change,  the  second  the  uncertainty  (the  rms 
difference  between  octants),  and  the  third  the  rms  variation 
between  magnets.  The  table  does  not  show  the  multipole 
errors  of  order  n  =  4  to  11,  which  were  also  included  in 
the  simulation. 


contribution 

mean 

uncert. 

rms 

normal  sextupole  63 

p.c. 

-10.7 

1.1 

0.3 

p.c.  decay 

3.2 

0.4 

1.0 

geometry&  iron 

2.9 

0.9 

1.4 

ramp 

1.0 

0.2 

0.3 

skew  sextupole  <13 

p.c. 

0.0 

0.0 

0.2 

p.c.  decay 

0.0 

0.3 

0.7 

geometry&  iron 

0.0 

0.9 

0.4 

ramp 

0.0 

0.2 

0.3 

Figure  1  presents  the  simulated  dynamic  aperture  at  the 
start  of  LHC  injection  as  a  function  of  equal  and  opposite- 
sign  chromaticity  in  the  two  transverse  planes.  The  case  of 
opposite-sign  chromaticity,  which  naturally  occurs  during 
p.c.  decay  or  snap-back,  shows  a  stronger  effect  on  the  dy¬ 
namic  aperture.  In  either  case  a  chromaticity  of  a  few  units 
seems  acceptable.  Larger  chromatic  variations  could  se¬ 
riously  reduce  the  dynamic  aperture  which  scales  roughly 
inversely  with  the  chromaticity. 

In  Fig.  2  we  depict  the  dynamic  aperture  after  the  per¬ 
sistent  current  decay,  near  the  end  of  the  injection  plateau. 
Comparing  with  Fig.  1  (top)  shows  that  the  effect  of  the 
p.c.  decay  on  the  dynamic  aperture  is  insignificant,  pro¬ 
vided  that  the  chromaticity  is  held  constant.  The  smallness 
of  this  effect  can  be  attributed  to  the  fact  that,  firstly,  an 
increase  of  either  random  or  systematic  sextupole  compo¬ 
nents  leads  to  a  comparable  reduction  of  the  dynamic  aper¬ 
ture  (see  Fig.  3)  and  that,  secondly,  during  the  p.c.  decay 
the  systematic  sextupole  decreases  while  the  random  com¬ 
ponent  increases,  by  roughly  40%  and  22%,  respectively 
(see  Table  2). 

A  frequency  map  analysis  [8, 9]  of  the  two  cases,  before 
and  after  p.c.  decay,  reveals  that  resonances  are  encoun¬ 
tered  at  approximately  the  same  amplitudes  as  illustrated 
in  Fig.  4.  This  implies  that  these  resonances  remain  fixed 


+Q'»  “ Q'y 

Figure  1:  Dynamic  aperture  as  a  function  of  uncorrected 
chromaticity,  at  the  start  of  the  injection  plateau.  Top: 
equal  sign  for  horizontal  and  vertical  chromaticity,  bot¬ 
tom:  opposite  sign.  Shown  are  the  mean  (circles)  and  the 
minimum  (diamonds)  amplitudes  beyond  which  particles 
are  lost  in  less  than  105  turns  (open  symbols)  and  beyond 
which  the  particle  motion  is  found  to  be  chaotic  (closed 
symbols).  The  chromaticity  was  varied  by  changing  the 
strength  of  the  main  sextupoles. 


Figure  2:  Dynamic  aperture  as  a  function  of  uncorrected 
chromaticity,  at  the  end  of  the  injection  plateau  (after  the 
p.c.  decay),  considering  equal  horizontal  and  vertical  chro¬ 
maticity.  The  plotting  symbols  are  the  same  as  in  Figure  1. 

during  the  entire  decay  process.  Hence,  the  dynamic  aper¬ 
ture  should  not  be  influenced  by  the  time  dependence. 

A  correction  of  the  chromaticity  change  due  to  p.c.  de¬ 
cay  (or  snap-back)  can  be  performed  either  locally  with  the 
spool  pieces  in  the  dipole  magnets  or  with  the  main  lattice 
sextupoles.  Figure  5  shows  that  the  two  correction  methods 
would  provide  about  the  same  aperture. 

It  should  be  mentioned  that  a  large  negative  chromatic¬ 
ity  may  induce  the  fundamental-mode  head-tail  instability. 
To  insure  beam  stability  at  nominal  current,  the  chromatic¬ 
ity  should  be  larger  than  -1  unit.  On  the  other  hand  for 
positive  values,  the  chromaticity  is  limited  to  a  few  units 
to  avoid  the  m  =  1  head-tail  mode  [10]  and  to  restrict  the 
tune  footprint. 
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Figure  3:  Dynamic  aperture  as  a  function  of  random  (dia¬ 
monds)  and  systematic  (circles)  sextupole  components  in 
units  of  the  nominal  strength.  Solid  lines  represent  the 
mean  value,  dashed  lines  the  minimum  over  all  seeds. 
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Figure  4:  Initial  amplitudes  of  particles  locked  to  three 
strong  resonances,  determined  by  tracking  and  frequency 
map  analysis  [8]. 

4  RAMP  RATE 

The  additional  imperfections  caused  by  interstrand  cou¬ 
pling  during  acceleration  are  proportional  to  the  ramp  rate 
(see  Table  2  for  the  change  in  sextupole  field).  Figure  6 
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Figure  5:  Dynamic  aperture  after  half  and  full  snapback 
corresponding  to  A Q'y  «  -A Q'x  «  +65  and  +130  units, 
respectively  and  its  correction  with  the  lattice  sextupoles 
(instead  of  using  the  spool  pieces).  The  plotting  symbols 
are  the  same  as  in  Figure  1 


demonstrates  that  the  dynamic  aperture  is  not  much  af¬ 
fected  by  these  additional  field  errors,  up  to  ramp  rates  four 
times  larger  than  nominal. 


Figure  6:  Dynamic  aperture  during  acceleration  as  a  func¬ 
tion  of  ramp  rate,  close  to  the  injection  energy.  The  plotting 
symbols  are  the  same  as  in  Figure  1 .  The  chromaticity  is 
corrected  for  all  points. 

5  CONCLUSIONS 

Assuming  the  linear  optics  stays  constant,  we  found  that 
the  time  variation  of  the  higher-order  field  errors — induced 
by  p.c.  decay  at  injection  or  by  the  subsequent  snap-back — 
has  only  minor  effects  on  the  LHC  dynamic  aperture,  as 
long  as  the  overall  chromaticity  is  corrected  and  remains 
within  a  few  units.  Under  the  same  assumptions,  the  dy¬ 
namic  aperture  during  acceleration  shows  little  dependence 
on  the  ramp  rate.  Correcting  the  chromaticity  with  the  main 
arc  sextupole  magnets  is  about  as  effective  as  correcting  it 
with  the  sextupole  spool  pieces  in  the  bending  magnets. 
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OPTIMISATION  OF  THE  LHC  DYNAMIC  APERTURE 
VIA  THE  PHASE  ADVANCE  OF  THE  ARC  CELLS 

F.  Schmidt  and  A.  Verdier 
SL  Division 


Abstract 

The  phase  advances  of  the  arc  cells  of  storage  rings  are 
traditionally  chosen  to  be  simple  fractions  of  tt  in  order  to 
take  advantage  of  second  order  achromats  they  constitute. 

For  the  LHC,  such  a  choice  is  not  relevant  because  of  the 
existence  of  high  order  systematic  multipole  components  in 
the  main  dipoles.  In  this  case  it  is  better  to  choose  the  phase 
advances  to  cancel  the  driving  term  for  the  largest  possi¬ 
ble  number  of  non-linear  resonances,  which  is  straightfor¬ 
ward  for  an  ensemble  of  identical  cells.  This  can  also  be 
achieved  for  an  actual  LHC  arc  featuring  dispersion  sup¬ 
pressors.  The  associated  improvement  of  the  dynamic  aper¬ 
ture  is  shown  in  this  paper. 

1  INTRODUCTION 

The  working  point  in  the  tune  diagram  is  usually  deter¬ 
mined  by  a  systematic  scanning.  The  SPEAR  upgrade 
projects  is  a  good  example  [1], 

A  more  subtle  approach  consists  of  building  a  machine 
from  blocs  which  do  not  contribute  to  the  excitation  of 
non-linear  resonances.  The  details  are  explained  in  [2]  and 
the  application  to  the  LHC  is  shown  in  section  2  below. 

In  order  to  have  a  basis  for  comparison,  several  LHC  op¬ 
tics  have  been  constructed.  Their  characteristics  are  given 
in  section  3. 

In  order  to  help  the  understanding  the  resonance 
strengths  have  been  computed  by  Normal  Form  [4].  Lastly, 
tracking  results,  performed  with  SIXTRACK  [3],  are  pre¬ 
sented  for  these  optics. 

2  A  “RESONANCE  FREE”  LHC  ARC 

The  main  problem  associated  with  multipole  errors  in  the 
LHC  arises  from  the  arc  dipoles.  These  dipoles  are  con¬ 
structed  by  several  different  firms.  Each  fabrication  line 
may  produce  dipoles  with  different  systematic  multipole 
errors.  As  the  number  of  fabrication  lines  is  comparable 
with  the  number  of  LHC  arcs,  which  is  eight,  the  concept 
of  “systematic  multipole  per  arc”  comes  naturally  into  the 
game.  Such  a  component  takes  a  constant  value  over  a 
given  arc  and  this  value  varies  randomly  from  arc  to  arc. 

In  this  context  it  is  attractive  to  design  the  arc  optics  such 
that  it  does  not  contribute  to  the  excitation  of  low  order 
resonances  [2].  To  this  end  both  cell  phase  advances  have 
to  be  set  to  the  values  ki  ■  2tt/Nc  in  the  horizontal  plane 
and  k2  •  2n/Nc  in  the  vertical  plane.  Under  these  conditions 


only  those  resonances  are  excited  which  satisfy, 

nxki  +  nyk2  =  k3Nc,  (1) 

where  k3  is  any  integer. 

Nc  is  determined  for  the  LHC  as  follows.  Each  arc  is 
composed  of  23  FODO  cells  plus  one  dispersion  suppres¬ 
sor  at  each  end.  Each  cell  is  composed  of  two  quadrupoles 
and  six  dipoles.  The  dispersion  suppressors  consist  of  four 
quadrupoles  and  eight  dipoles.  Thus,  a  dispersion  suppres¬ 
sor  is  a  little  longer  than  one  cell,  it  has  a  larger  phase  ad¬ 
vance  and  it  contains  one  third  more  dipoles.  Even  though, 
each  dispersion  suppressor  is  taken  as  one  cell.  The  number 
of  cells  is  therefore  25  (23  cells  plus  2  dispersion  suppres¬ 
sors). 

The  phase  advance  of  the  arc  cells  must  be  close  to  90° 
because  the  quadrupole  gradient  and  the  aperture  of  the 
vacuum  chamber  have  been  designed  in  view  of  these  phase 
advances.  This  leaves  two  possibilities  for  (kx,  k2):  (7,6) 
or  (6,5).  Nevertheless  there  remain  systematically  excited 
single  resonances  satisfying  equation  (1).  Below  order  10 
they  are:  4,8,9  and  5,6,9  for  these  two  cases  respectively. 
The  pair  (7,6)  has  been  kept  for  tracking  studies  due  to  its 
lower  (3  functions. 

3  LHC  OPTICS  STUDIED 

In  order  to  have  a  relevant  basis  of  comparison,  several  op¬ 
tics  have  been  constructed: 

1.  A  simple  model  with  25  FODO  cells  and  at  each  end 
a  transfer  matrix  to  simulate  a  LHC  arc 

2.  An  optics  with  a  tune-split  of  5  (Qx=64.28, 
Qy=59.31).  A  tune-split  of  5  has  been  chosen  as  the 
nominal  LHC  lattice  version  6. 

3.  An  optics  which  minimises  some  adverse  effects  of 
non-linearities  for  multipole  components  which  have 
the  same  value  in  all  dipoles  Qx=65.28,  Qy=58.31  [5]. 
Such  an  optics  is  likely  not  to  bring  any  improvement 
in  the  case  where  the  systematic  by  arcs  dominate. 

4.  A  “resonance  free”  lattice  with  the  phase  advances 
per  cell:  mux,c  =  x  27t  and  muViC  =  ^  x  27r. 
Qx=68.28,  Qy=59.31.  The  phase  advance  in  the  cells 
has  been  set  and  the  insertions  have  been  rematched 
using  the  minimum  number  of  variable  parameters. 
Then  the  tunes  have  been  adjusted  by  means  of  IR4 
and  IR6  to  the  closest  values  with  the  same  fractional 
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parts  as  above.  For  this  lattice,  the  resonances  are  not 
cancelled  as  they  should  be  for  the  case  of  25  FODO 
cells,  nevertheless  their  driving  term  is  substantially 
reduced  compared  with  other  lattices. 

4  RESONANCE  COMPUTATION 

In  order  to  test  the  efficiency  of  the  resonance  cancella¬ 
tion  procedure,  the  resonance  driving  terms  have  been  com¬ 
puted  by  means  of  the  formalism  in  ref.  [4], 

At  first  this  has  been  done  for  the  simple  model  com¬ 
posed  of  25  cells  and  two  insertions  for  which  the  reso¬ 
nance  driving  term  is  exactly  zero.  It  is  found  to  have  a 
value  smaller  by  five  order  of  magnitude  compared  with 
the  other  cases.  This  shows  the  validity  of  the  computation 
and  the  consistency  between  the  two  approaches,  namely 
perturbation  calculation  and  map  transformation  to  calcu¬ 
late  resonance  driving  terms. 


I  onrttb  Tml 

Figure  1:  Build-up  of  the  driving  term  of  the  (1012)  sub¬ 
resonance  over  the  length  of  the  LHC.  The  light  gray 
(green)  curve  is  associated  with  the  “target  error  table”  [6]. 
The  dark  gray  (red)  curve  is  obtained  with  larger  64  and  <24 
systematic  by  arc  multipole  components,  respectively  0.35 
and  0.555  in  units  of  10-4  and  at  a  reference  radius  17mm. 
Part  (a)  Case  2  in  section  2. 

Part  (b)  Case  4  in  section  2. 

The  build-up  of  the  resonance  driving  term  along  the 
LHC  lattice  is  shown  in  figure  1(a)  for  the  optics  with  a 
tune-split  of  5  and  in  figure  1(b)  for  the  “resonance  free” 
lattice  respectively.  The  multipole  errors  introduced  in  the 


lattice  are:  systematic  per  arc  and  random.  The  error  tables 
can  be  found  in  ref.  [6],  The  resonance  cancellation  per 
octant  appears  quite  clearly  in  figure  1(b):  the  value  of  the 
driving  term  at  the  end  of  the  lattice  is  the  same  both  with 
and  without  realistic  octupole  components. 

5  DYNAMIC  APERTURE 

For  the  simple  model,  trajectories  have  been  tracked  over 
1000  turns  without  synchrotron  oscillations.  The  maxi¬ 
mum  initial  amplitudes  with  zero  slopes  for  which  the  tra¬ 
jectory  remains  stable  are  shown  on  figure  2. 

For  realistic  lattices  (case  2,  3  and  4  in  section  2),  tra¬ 
jectories  have  been  tracked  for  105  turns  with  two  sets 
of  initial  conditions.  One  set  has  identical  coordinates 
in  both  planes,  the  other  set  has  an  amplitude  ratio  of 
tan(15°)=0.27,  the  two  trajectory  slopes  are  zero.  Both  /?- 
functions  have  the  value  of  1 8m  at  the  starting  point.  The 
beam  emittance  is  3.75nm  at  lcr.  Synchrotron  oscillations 
with  an  initial  relative  momentum  deviation  of  0.00075  are 
included.  60  different  realizations  of  the  multipole  errors 
have  been  studied  in  order  to  achieve  a  95%  confidence 
level  of  the  minimum  dynamic  aperture. 


Figure  2:  1’000  turn  dynamic  aperture  of  the  LHC  model 
for  three  phase  advances  per  cell:  LHC  lattice  version  5, 
case  3  and  case  4  of  section  2.  The  dynamic  aperture  is 
defined  as  the  ensemble  of  points  in  the  {x,y}  plane  for 
which  the  trajectories  starting  with  the  initial  coordinates  x 
and  y  and  zero  slopes  at  the  beginning  of  the  lattice  where 
both  a’s  are  zero,  are  stable  over  1000  turns.  Both  horizon¬ 
tal  and  vertical  p  functions  are  equal  to  lm  at  the  starting 
point.  The  multipole  errors  are  64=0.5,  <14=0.5  and  65=1. 4 
in  units  of  10~4  and  at  a  reference  radius  17mm. 


The  tracking  results  are  shown  in  table  1 .  For  the  “tar¬ 
get  error  table”  (the  first  three  cases)  we  observe  no  differ¬ 
ence  in  the  values  for  the  dynamic  apertures.  When  realis¬ 
tic  octupole  components  64  and  <14  are  introduced  the  dy¬ 
namic  aperture  is  not  changed  for  quasi  horizontal  motion 
(yo  =  0.27xo).  For  equal  amplitudes  (y0  =  x0)  there  is 
a  10%  reduction  of  the  minimum  dynamic  aperture  for  the 
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cases  3  and  4  in  section  2.  This  reduction  is  fully  recovered 
for  the  “resonance  free”  lattice. 


Case 

Realistic 

64&04 

yo 

min. 

~  Xo 

av. 

Vo  = 
min. 

).27x0 

av. 

3  (V6  nom.) 

off 

12.4 

14.6 

11.3 

12.7 

4 

12.4 

14.5 

11.0 

12.8 

5  (Res.  free) 

12.5 

14.8 

11.3 

12.6 

3  (V6  nom.) 

on 

10.9 

13.4 

11.1 

12.8 

4 

11.3 

13.8 

11.3 

12.9 

5  (Res.  free) 

12.6 

14.5 

10.8 

12.7 

Table  1 :  Minimum  and  average  dynamic  aperture  in  units 
of  r.m.s.  beam  size  for  a  series  of  60  distributions  of  er¬ 
rors,  both  random  and  systematic  per  arc.  For  the  first  three 
cases,  the  values  are  taken  from  the  “target  error  table”. 
For  the  following  three  cases  the  errors  are  the  same  ex¬ 
cept  for  the  systematic  by  arc  octupole  components  which 
have  been  set  to  the  more  realistic  values  of  04=0.555  and 
64=0.35  (in  units  of  10-4  at  a  reference  radius  of  17mm) 
without  compensation.  From  our  current  experience,  the 
dynamic  apertures  can  be  overestimated  by  0.2  for  the  av¬ 
erage  and  0.5  for  the  minimum. 

In  order  to  observe  the  beneficial  effect  of  the  resonance 
suppression  the  same  exercise  was  repeated  with  values  of 
the  realistic  64  and  04  components  increased  threefold.  The 
efficiency  of  the  “resonance  free”  lattice  appears  clearly  in 
table  2. 

From  these  three  sets  of  tracking  results  we  conclude  that 
the  dynamic  aperture  of  the  “target  error  table”  is  far  from 
being  dominated  by  low  order  resonances  driven  by  sys¬ 
tematic  multipoles. 


Case 

Hi 

Egggjj 

3  (V6  nom.) 

■ 

10.3 

(29 

10.8 

5  (Res.  free) 

10.2 

13.5 

10.3 

12.5 

Table  2:  Minimum  and  average  dynamic  aperture  in  units 
of  r.m.s.  beam  size  for  a  series  of  60  distributions  of  er¬ 
rors,  both  random  and  systematic  per  arc.  The  values  are 
taken  from  the  “target  error  table”  except  the  octupole  er¬ 
rors  which  have  been  set  to  three  times  their  realistic  val¬ 
ues. 

In  order  to  check  that  there  is  no  artifact  in  the  “reso¬ 
nance  free”  lattice,  the  dynamic  aperture  has  been  eval¬ 
uated  for  12  ratios  of  initial  amplitudes.  The  results  are 
shown  on  figure  3.  The  maximum  dynamic  apertures  (the 
two  upper  curves)  are  both  at  the  level  we  expect  from  the 
random  components  only  [7],  the  resonance  suppression 
has  obviously  no  effect  in  this  case.  The  average  dynamic 
apertures  (medium  two  curves)  show  an  improvement  of 


some  2<7  for  all  amplitude  ratios.  The  minimum  dynamic 
apertures  (lower  two  curves)  show  a  sizable  improvement 
except  for  quasi  vertical  motion.  This  lack  of  improvement 
is  probably  due  to  higher  order  effects. 


Figure  3:  Dynamic  aperture  in  the  x,y  plane  for  the  two 
cases  of  table  2. 

6  CONCLUSION 

We  have  demonstrated,  for  the  case  of  the  LHC,  that  the 
dynamic  aperture  can  be  increased  by  a  suppression  of  first 
order  resonances  with  a  proper  choice  of  the  cell  phase  ad¬ 
vances  in  the  arcs.  This  is  closely  associated  with  the  fact 
that  we  expect  large  systematic  per  arc  multipole  compo¬ 
nents  to  dominate  the  dynamic  aperture. 

This  optimisation  of  the  cell  phase  advances  provides 
a  large  safety  margin  against  unexpected  large  systematic 
components  of  the  LHC  dipoles. 
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SIMULATION  OF  GROUND  MOTION  INDUCED  PROTON  BEAM  ORBIT 

VIBRATION  IN  HERA 


C.  Montag.  DESY,  Hamburg,  Germany* 


Abstract 


A  ground  motion  model  based  on  realistic  spectra  and  cor¬ 
relation  properties  has  been  developed  in  order  to  simulate 
ground  motion  induced  beam  orbit  vibration.  This  model 
has  been  used  to  simulate  the  motion  of  the  HERA  proton 
beam.  Simulation  results  and  comparisons  with  orbit  mea¬ 
surements  will  be  presented. 

1  INTRODUCTION 

Ground  motion  induced  beam  jitter  plays  an  important  role 
for  many  kinds  of  accelerators,  like  future  linear  collid¬ 
ers,  synchrotron  radiation  sources  or  storage  rings.  The  re¬ 
sulting  beam  orbit  vibration  potentially  leads  to  luminosity 
degradation  in  colliding  beam  facilities  due  to  beam  offset 
at  the  interaction  point  and/or  emittance  growth. 

The  sensitivity  of  beam  orbits  to  quadrupole  motion  de¬ 
pends  strongly  on  the  correlation  length  of  ground  motion 
at  a  specific  frequency.  Quadrupole  motion  with  a  corre¬ 
lation  length  exceeding  the  betatron  wavelength  has  only 
little  influence  on  beam  jitter  [1],  Therefore  any  simulation 
of  ground  motion  effects  has  to  take  into  account  not  only 
the  power  spectrum  of  motion  at  a  single  point  but  also  the 
coherence  properties  of  ground  motion. 

This  paper  presents  a  ground  motion  simulation  model 
which  has  been  originally  developed  for  linear  accelerators 
[2],  It  is  based  on  measured  power  spectra  and  coherence 
properties  of  ground  motion.  This  model  is  extended  to  cir¬ 
cular  machines  in  order  to  simulate  ground  motion  induced 
beam  jitter  in  the  HERA  proton  ring. 

2  THE  SIMULATION  MODEL 

As  measurements  at  different  geographical  locations  show, 
the  power  spectrum  Ptot(w)  of  ground  motion  at  a  single 
point  can  be  roughly  approximated  as  [3] 

PtotM  =  4.  (1) 

UJ 

where  B  is  some  proportionality  constant  characteristic  of 
the  site,  and  u>  =  2irf.  According  to  the  ATL  rule  [4],  the 
power  spectrum  p(w,  L)  of  the  uncorrelated  motion  of  two 
points  at  a  distance  L  is  [3] 

p{u,L)  =  ^~.  (2) 

Obviously,  the  uncorrelated  part  of  motion  must  be  smaller 
than  the  total  motion,  thus 

p(w,  L )  <  PotM  for  all  w.  (3) 
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According  to  Equations  (1)  and  (2),  this  is  violated  for  fre¬ 
quencies  uj  >  ■  L)).  Therefore  Equation  (2)  can 

only  be  valid  for  frequencies  below  this  limit,  while  it  has 
to  be  modified  in  the  frequency  domain  above.  This  is 
achieved  by  a  redefinition  of  p(w,  L)  as 


p{uj,  L) 


,  w  <  V B/{A-L ) 
UJ  >  y/B/{A-L). 


For  the  description  of  transverse  motion  of  N  quadruples 
in  a  circular  accelerator,  we  start  with  AT  +  1  independent 
time  series  x„(t),  each  of  them  having  the  same  power 
spectrum  Pn  =  Ptot  =  B/u ;4. 

The  coherent  part  of  the  motion  of  the  (n  +  l)st  mag¬ 
net  with  respect  to  the  nth  one  can  be  calculated  by  ap¬ 
plying  a  first  order  lowpass  filter  with  cutoff  frequency 
wo  =  \/ B/(A  ■  L)  to  the  motion  yn(t)  of  the  nth  magnet. 
The  resulting  power  spectrum  of  this  correlated  motion  in 
terms  of  the  Laplace  variable  s  =  iuj  is 


corr,n+lA 


Wo  p 

— ; -  '  -'tot, 

s  +  w0 

2  T> 
UJQ  B 

S  +  WO  w4  " 


Pot.71  (w) 


The  corresponding  uncorrelated  part  of  motion  of  the  (n  + 
l)st  magnet  with  respect  to  the  nth  one  is  calculated  apply¬ 
ing  a  first  order  high  pass  filter  with  the  same  cutoff  fre¬ 
quency  wo  to  an  independent  motion  signal  xn+i(t)  with 
power  spectrum  Pn+i,  resulting  in 


uncorr,n+l^ 


S  +  WO 


In  the  low  frequency  limit,  this  spectrum  reflects  the  ATL 
rule: 


I™,  Puncorr,n+  1  — 
uj  — *0 


A.  •  Ln- 


where  Ln+\  is  the  distance  between  the  nth  and  the  (n  + 
l)st  magnet. 

As  Can  be  shown,  Pcorr,n+l  ~b  ^”uncorr,n+l  =  Pn+ 1  = 
■Ftot  =  B/w4,  while  the  resulting  coherence  |7n+i|  is  cal¬ 
culated  as  [2] 


Yn+l|  = 


I  P x>rr,n+l 
^uncorr,n+l 


B/(A-L) 

\s\2  +  B /(A  -  L)' 


sorr,n-H 

p 

uncor,n+l , 
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This  scheme  is  repeated  for  all  N  magnets,  starting  with 
yi(t)  =  xi(t).  To  reflect  the  periodicity  of  the  circular  ac¬ 
celerator,  the  motion  yM+i(t)  of  an  (N  +  l)st  magnet  is 
formally  calculated  from  the  motion  yu  (t)  of  the  iVth  mag¬ 
net  by  application  of  the  corresponding  filters,  with  Ljv+i 
being  the  distance  between  the  iVth  and  the  1st  magnet. 
Obviously,  the  motion  of  the  (N  +  l)st  magnet  has  to  be 
identically  the  same  as  the  motion  of  the  1st  magnet.  There¬ 
fore  all  magnet  positions  yn(t)  are  corrected  according  to 

UN+  l(f)  —  Vl{t)  T 

2/nW  —  2/n(t)  r  '  •C'tot.n-  (9) 

^tot.JV+l 

Here  Lto t,n  =  52k= 2  is  the  total  distance  between  the 
1st  and  the  nth  magnet,  i.  e.  Ltot.Ar+i  is  the  circumference 
of  the  machine. 

To  get  a  more  realistic  model,  the  experimentally  obtained 
ground  motion  data  in  the  HERA  tunnel  at  DES  Y  are  fitted 
as  [2] 


P tot 


B 


(10) 


4.225  •  1(T14 


m2  •  Hz 


+ 

+ 


_ 7 • IQ-6 _ 

s2  +  9.425  Hz  ■  s  +  246.74  Hz2 

_ 7  •  10~7 _  : 

s2  +0.528  Hz -s  +  0.774  Hz2 


m2Hz3 

m2Hz3. 


In  the  low  frequency  limit  this  spectrum  is  dominated  by 
the  B/uj4  term,  thus  leading  to  an  ATL- like  behaviour  of 
the  uncorrelated  motion.  The  second  term  represents  some 
additional  cultural  noise  at  high  frequency,  while  the  third 
and  the  fourth  term  reflect  some  2.5  Hz  resonance  of  the 
upper  earth’s  crust  and  the  microseismic  peak  at  1/7  Hz, 
respectively. 


3  RESULTS 

The  ground  motion  model  described  in  the  previous  sec¬ 
tion  has  been  applied  to  the  vertical  motion  of  the  HERA 
proton  ring,  using  A  =  4  ■  10~6  y, m2/(m  •  sec)  as  ob¬ 
tained  on  the  DESY  site  [5].  The  parameter  B  is  chosen 
at  B  =  3  •  10~2  /irn2  •  Hz3,  resulting  in  good  agreement 
of  the  power  spectrum  (Eq.  (10))  as  well  as  the  coherence 
(Eq.  (8))  with  measured  data. 

Starting  with  a  perfectly  aligned  machine,  the  orbit  change 
is  obtained  by  tracking  a  single  particle,  with  initial  con¬ 
ditions  being  on  the  design  orbit,  while  the  transverse 
quadrupole  positions  y*(t)  are  changed  from  turn  to  turn. 
For  this  tracking,  only  linear  elements  are  taken  into  ac¬ 
count.  The  resulting  beam  motion  is  monitored  at  a  sin¬ 
gle  point  in  such  a  way  that  the  motion  of  this  “monitor” 
itself  is  subtracted.  This  motion  signal  is  normalized  to 
a  /3-function  of  (3mon  =  1  m.  Figure  1  shows  the  result¬ 
ing  power  spectrum,  which  has  been  averaged  over  sev¬ 
eral  samples.  As  a  comparison  with  measured  data  (Fig.  2) 


Figure  1 :  Power  spectrum  of  simulated  vertical  beam  jitter 
in  HERA-p,  normalized  to  /3mon  =  1  m. 


shows,  the  simulated  spectrum  reflects  the  general  proper¬ 
ties  of  observed  beam  motion.  The  enhancement  of  orbit 
vibration  amplitudes  around  2.5  Hz  is  clearly  seen  in  both 
spectra,  but  the  frequency  region  in  which  this  enhance¬ 
ment  occurs  stretches  to  higher  frequencies  (up  to  50  Hz)  in 
the  measured  beam  motion.  This  can  possibly  be  explained 
by  mechanical  resonances  of  magnet  supports  which  are 
not  reflected  by  the  ground  motion  spectrum  used  for  simu¬ 
lation.  The  same  argument  also  holds  for  the  clearly  visible 
50  Hz  peak  caused  by  either  mechanical  vibration  of  some 
electric  equipment  or  by  direct  noise  on  the  cables. 

In  both  spectra  the  microseismic  peak  at  1/7  Hz  almost 
vanishes  due  to  the  large  correlation  length  of  this  low- 
frequency  motion. 

Quantitatively,  both  power  spectra  agree  within  a  factor  of 
10,  which  corresponds  to  a  factor  of  y/lO  in  amplitude. 
This  difference  can  possibly  be  explained  by  the  uncertain¬ 
ties  in  the  parameters  A  and  B. 

4  CONCLUSION 

As  has  been  shown,  simulated  ground  motion  induced 
beam  orbit  vibration  amplitudes  in  the  circular  accelerator 
HERA  agree  within  a  factor  of  about  3  with  measured  data. 
For  a  more  realistic  simulation,  mechanical  resonances  of 
the  magnet  supports,  for  example,  should  be  taken  into 
account  in  order  to  achieve  a  better  agreement  in  the  fre¬ 
quency  region  above  a  few  Hertz. 
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Figure  2:  Measured  power  spectrum  of  vertical  beam  mo¬ 
tion  in  HERA-p,  normalized  to  (3mon  =  1  m  [6]. 
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Abstract 

The  0.8  GeV  storage  ring  Super-ACO  is  now  fully 
equipped  with  undulators.  Two  new  undulators  have  been 
recently  installed.  Their  effects  on  beam  dynamics  have 
been  studied.  In  addition,  new  developments  are 
continuously  in  progress  in  order  to  optimize  the  beam 
performances  for  the  users.  A  beam  position  feedback 
system  is  now  operational.  A  500  MHz  RF  cavity  allows 
to  reduce  the  bunch  length  and  increase  the  PEL  gain.  A 
feedback  system  on  betatron  tunes  has  been  tested  using  a 
very  precise  detection.  Some  experiments  on  beam 
dynamics  have  been  performed  in  order  to  understand  and 
improve  beam  lifetime.  The  variation  of  tunes  with 
momentum  has  been  measured,  for  several  configurations 
of  undulators  (up  to  6  undulators  closed),  and  compared 
with  computed  results. 

1.  INTRODUCTION 

Since  three  years,  the  LURE  machine  group  has 
developed  new  equipments  for  the  Super-ACO  storage 
ring.  A  500  MHz  cavity  is  now  operational  and  used  for 
Free  Electron  Laser  (FEL)  operation  in  addition  to  the 
100  MHz  cavity.  Two  undulators  have  been  installed  in 
the  two  last  free  straight  sections  of  the  ring.  A  feedback 
system  on  beam  position  is  fully  tested  and  will  be  used 
routinely  this  year.  A  feedback  system  on  horizontal  and 
vertical  tunes  has  been  developed  in  order  to  compensate 
for  tune  variation  introduced  by  field  variations  in 
undulators.  In  parallel,  studies  on  beam  dynamics  have 
been  performed  in  order  to  evaluate  undulator  field 
tolerances  and  to  improve  the  optical  model  of  the 
machine. 

2.  THE  500  MHz  HARMONIC  CAVITY 

A  new  active  500  MHz  fifth  harmonic  RF  cavity  was 
installed  on  Super-ACO  in  January  1997  primarily  for  the 
purpose  of  reducing  bunch  length  for  FEL  and  time- 
resolved  synchrotron  radiation  experiments  [1].  To  date 
bunch  length  reduction  factors  up  to  3.5  have  been 
obtained  but  many  single-bunch  coherent  beam  instability 
phenomena  are  observed  with  very  short  bunches  (2], 
Nevertheless,  significant  improvements  in  FEL 
performance  have  been  obtained  [3]. 


'Work  supported  by  CNRS,  CEA  and  MENESR. 
"Email :  bnmelle@lure.u-psud.fr. 
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In  the  future  we  will  attempt  to  operate  the  harmonic 
RF  system  at  higher  power  levels  (25  kW  rather  than 
14  kW  currently)  and  observe  the  effect  on  beam  stability 
and  bunch  length.  In  addition  we  will  attempt  to  use  the 
cavity  in  a  bunch-lengthening  mode  in  the  hope  of 
improving  beam  lifetime  in  normal  operation.  This  will 
require  operating  the  cavity  at  very  low  field  levels 
(roughly  1/5  of  the  principal  RF  voltage)  of  about  34  kV. 
In  this  configuration  a  direct  RF  feedback  system  will  be 
needed  to  avoid  type  II  Robinson  instability.  Tests  of  such 
a  system  are  currently  underway  both  on  the  principal  and 
harmonic  RF  systems. 

3.  INSERTION  DEVICES 

The  two  last  undulators  installed  on  Super-ACO  are 
SU8  (a  planar  symetric  hybrid  undulator  made  by 
Danfysik)  and  OPHeLIE  (an  electromagnetic  crossed 
overlapped  undulator).  The  design,  construction  and 
commissioning  of  OPHeLIE  are  described  in  [4].  The 
SU8  characteristics  are  Bmax  =  0.48  T,  N  x  X  = 
21.5x100  mm  with  a  minimum  gap  of  39  mm.  This 
undulator  has  no  field  integral  default  at  any  gaps.  The 
transverse  peak  field  homogeneity  was  limited  to  50  T.m 2 
in  order  to  avoid  strong  non  linear  effects.  An  automatic 
global  compensation  of  its  strong  focusing  effect 
(AVzn,^  =  2.8  10'2)  is  made  at  each  gap  using  two 
quadrupole  families.  An  increase  of  the  vertical 
chromaticity,  due  to  the  beta-function  beat,  was  measured 
at  minimum  gap,  with  a  10  %  reduction  of  the  beam 
lifetime  [5], 

4.  BEAM  POSITION  FEEDBACK 

A  fast  global  feedback  system  is  used  on  Super-ACO  in 
order  to  improve  beam  stability  [6].  The  feedback  uses  all 
the  16  machine  BPMs  and  8  correctors  in  each  plane  to 
correct  the  orbit  at  a  16  kHz  rate.  The  goal  is  to  provide  a 
correction  from  DC  to  100  Hz,  both  in  horizontal  (x)  and 
vertical  (z)  plane.  The  BPM  signal  processors  are  Bergoz 
developed  heterodyne  receivers  working  at  200  MHz 
(twice  the  RF  frequency)  with  a  resolution  of  0.5  pm/VHz. 
The  fast  corrections  are  computed  by  8  DSP  boards  which 
acquire  the  x  and  z  signals  from  the  16  BPM  processors  (2 
BPMs  per  DSP).  The  8  DSP  boards  are  linked  via  a  fast 
high  rate  digital  serial  link  and  form  a  ring  controlled  by  a 
DSP  master  board.  It  takes  60  ps  to  complete  the  whole 
acquisition,  transmission,  checking  and  calculation  cycle 
for  the  32  data  (16  x  and  16  z). 


1569 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


The  correction  kicks  are  produced  by  8  coils  in  each 
plane,  located  inside  quadrupole  magnets.  They  are 
powered  by  current-controlled  wideband  power 
amplifiers. 

Two  correction  algorithms  have  been  tested,  a 
harmonic  based  method,  and  a  direct  inversion  of  the 
response  matrix  using  the  SVD  method. 

The  achieved  bandwith  of  the  feedback  is  40  Hz  in  the 
horizontal  plane,  and  150  Hz  in  the  vertical  plane. 
Additional  tests  are  being  carried  out  in  order  to  have  the 
feedback  operational  during  user  sessions. 

5.  BETATRON  TUNE  FEEDBACK 

Slow  Feedback :  This  system  uses  a  data  processing 
microcontroller  to  analyze  the  video  signal  output  of  a 
spectrum  analyzer.  The  feedback  is  made  by  dialog  with 
the  quadrupole  power  supply  control  system  [7]  (Fig.  1). 
The  correction  is  made  every  1.2  s  with  a  resolution  of 
±  1  10"4.  A  typical  response  is  shown  in  figure  2  where  the 
feedback  compensates  the  tune  shift  due  to  the  gap 
variation  of  the  SU3  undulator  of  Super-ACO. 
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Fig.  1.  Slow  feedback  system  simplified  schematic. 


Fig.  2.  Slow  feedback  system  typical  response. 

Fast  feedback :  Two  fast  feedback  systems  are 
currently  being  developed.  The  first  is  based  on  digital  • 
analysis  of  the  signal  using  a  DSP  while  the  second  uses  a 
phase  locked  loop. 

Digital  system  (DSP)  [8] :  A  TMS320C6201  DSP  is 
used  to  determine  the  betatron  tunes  by  FHT  of  a  beam 
electrode  signal.  A  tune  resolution  of  10'4  (416  Hz)  is 
obtained  by  acquiring  32  000  samples.  With  a  processing 


power  of  1  600  Mips  the  DSP  computes  a  spectrum  every 
10  ms,  with  the  possibility  of  speeding  up  to  every 
1  ms  (Fig.  3).  This  system  is  able  to  operate  with  low 
stored  beam  current  or  with  a  low  excitation  level. 


Fig.  3.  Fast  digital  feedback  system  simplified  schematic. 

Analog  system  (PLL) :  The  measurement  presented 
here  uses  an  analogy  with  a  resonant  electronic  circuit 
(Fig.  4). 


Fig.  4.  Fast  analog  feedback  system  simplified  schematic. 

The  signal  delivered  by  the  generator  (VCO)  at  the 
frequency  f  is  sent  simultaneously  to  the  beam  excitation 
amplifier  and  to  a  mixer  (M)  which  transposes  this 
frequency  to  the  value  Fre/-f.  A  synchronous 
demodulator  (D)  compares  this  voltage  to  the  detected 
signal  and  delivers  a  signal  proportional  to 
Vs  =  cos  9  cos  [<j>-  9],  In  this  expression  0  represents  the 
difference  in  phase  with  regard  to  the  resonance  and  <p  is 
given  by  the  sum  of  the  phase  shifts  and  delays  of  the 
various  loop  elements.  If  <f>  =  -  90°  and  is  independant  of/ 
one  obtains  a  phase  locked  loop  by  using  the  output 
voltage,  Vs  to  control  the  generator  frequency.  The 
generator  is  then  locked  to  the  betatron  frequency.  On 
DCI  [9]  the  precision  obtained  is  10  4  and  the  response 
time  is  1  ms.  The  system  currently  under  development  acts 
on  the  two  betatron  tunes  independantly  and  is  driven  by  a 
microcontroller.  The  tune  information  obtained  from  this 
system  in  either  digital  or  analog  form  will  be  used  to 
directly  control  the  storage  ring  magnetic  element  power 
supplies  thus  providing  the  feedback. 
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6.  TUNE  VARIATION  WITH 
MOMENTUM 

On  Super-ACO,  for  large  momentum  deviations  (dp/p  > 
0.3  %),  tune  variations  are  no  longer  linear  and  take  into 
account  non  linear  effects  due  to  higher  order  field 
components  and  undulator  fields.  The  aim  of  this  study 
was  double :  compare  the  tune  variation  computed  with 
the  BETA  code  [10]  to  the  one  measured  on  the  ring  when 
undulators  are  all  open,  and  measure  the  effect  of 
undulators  in  order  to  understand  energy  acceptance 
limitation.  The  experimental  tune  variation  [11]  was 
measured  using  RF  frequency  variations  up  to  ±  30  kHz 
(dp/p  =  ±  2  %).  The  higher  order  field  components  of 
magnetic  elements  have  been  deduced  from  magnetic 
measurements  and  introduced  in  the  BETA  code  as  thin 
lenses.  Figure  5  shows  that  the  maximum  stable  dp/p 
values  are  larger  than  the  RF  energy  acceptance  (±  1.8  %). 
The  computed  vx  variation  is  rather  different  from  the 
experimental  one  for  dp/p  >  0  while  the  agreement  is  quite 
good  for  v2  variation.  A  good  agreement  for  vx  can  be 
obtained  by  adjusting  the  decapolar  component  generated 
by  sextupoles. 


Fig.  5.  Tune  variation  with  momentum  (open  undulators). 

Figure  6  shows  the  measured  effect  of  the  first  four 
undulators  (SU2,  SU3,  SU6,  SU7)  closed  at  nominal  gap, 
in  the  positive  chromaticity  operation  mode.  The  non 
linearities  occur  essentially  in  the  vertical  plane  (undulator 
field  plane)  and  reduce  the  maximum  stable  dp/p  values 
(beam  losses  have  been  observed  near  the  3vz  =  5 
resonance).  The  measurements  have  been  performed  for 
two  optics  with  the  same  tunes  :  a  4  fold  symmetry  optic 
and  a  quasi  8  fold  symmetry  obtained  with  equal  |3- 
functions  in  the  8  straight  sections.  The  symmetrization 
reduces  the  undulator  effect  and  leads  to  an  increase  of 
beam  lifetime  because  the  maximum  stable  dp/p  values 
are  larger.  Tune  variation  versus  momentum  introduced 
by  the  two  last  undulators  (SU5  and  SU8)  was  found  to  be 
negligible. 


Other  tests  have  shown  that  an  increase  of  vz  leads  to  a 
beam  lifetime  reduction  when  the  Touschek  effect  is 
dominant.  In  fact,  when  vz  is  increased,  the  effect  of  the 
3vz  =  5  resonance  does  not  occur  any  more  for  large 
negative  dp/p  values.  But  the  4vz  =  7  resonance,  excited 
by  undulators,  becomes  a  limitation  for  positive  dp/p 
values. 

All  these  experimental  results  show  the  influence  of  the 
tune  variation  with  momentum  in  the  Touschek  lifetime 
behaviour. 
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NONLINEAR  DIAGNOSTICS  USING  AC  DIPOLES  * 


S.  Peggs,  BNL,  Upton,  NY 


There  are  three  goals  in  the  accurate  nonlinear  diagnosis 
of  a  storage  ring.  First,  the  beam  must  be  moved  to  am¬ 
plitudes  many  times  the  natural  beam  size.  Second,  strong 
and  long  lasting  signals  must  be  generated.  Third,  the  mea¬ 
surement  technique  should  be  non-destructive. 

Conventionally,  a  single  turn  kick  moves  the  beam  to 
large  amplitudes,  and  tum-by-turn  data  are  recorded  from 
multiple  beam  position  monitors  (BPMs)  [1-6].  Unfortu¬ 
nately,  tune  spread  across  the  beam  causes  the  center  of 
charge  beam  signal  to  “decohere”  on  a  time  scale  often  less 
than  100  turns.  Filamentation  also  permanently  destroys 
the  beam  emittance  (in  a  hadron  ring).  Thus,  the  “strong 
single  turn  kick”  technique  successfully  achieves  only  one 
out  of  the  three  goals.  AC  dipole  techniques  can  achieve  all 
three.  Adiabatically  excited  AC  dipoles  slowly  move  the 
beam  out  to  large  amplitudes.  The  coherent  signals  then 
recorded  last  arbitrarily  long.  The  beam  maintains  its  orig¬ 
inal  emittance  if  the  AC  dipoles  are  also  turned  off  adiabat¬ 
ically,  ready  for  further  use. 

The  AGS  already  uses  an  RF  dipole  to  accelerate  polar¬ 
ized  proton  beams  through  depolarizing  resonances  with 
minimal  polarization  loss  [7],  Similar  AC  dipoles  will  be 
installed  in  the  horizontal  and  vertical  planes  of  both  rings 
in  RHIC  [8],  The  RHIC  AC  dipoles  will  also  be  used  as 
spin  flippers,  and  to  measure  linear  optical  functions  [9]. 


Figure  1 :  Adiabatic  excitation  of  an  AC  dipole,  in  the  ro¬ 
tating  frame.  The  circles  represent  single  particle  motion. 


The  exact  general  solution  for  linear  motion  is  [10] 

zT  =  zei2xQxT  +  <5_  ei2xQDT  -  6+  e~i2xQDT  (5) 

where  z  =  zo  —  S~  +  <S+  is  a  constant  given  by  the  initial 
conditions,  and  the  complex  AC  dipole  strengths  are 


5  exp(-r[7rQ_  -  ip0}) 

4  sin(7rQ_) 

6  exp(i[-n~Q+  -  ^o]) 

4  sin(7r(5+) 


(6) 


where  Q_  =  QD  -  Qx  and  Q+  =Qd  +  Qx- 
The  oscillating  closed  orbit  is  defined  as  that  orbit  which 
exactly  repeats  itself  after  one  modulation  period.  The  so¬ 
lution  on  turn  T  is  obtained  by  putting  z  =  0,  so  that 


1  LINEAR  MOTION 

Horizontal  motion  is  described  using  complex  phasors 

z  =  x  +ix  =  ael<t>  (1) 

so  that  the  unperturbed  one  turn  motion  is  just 

zt+ 1  =  R  zt  (2) 

where  R  =  exp(i  2ttQx)-  Here  Qx  is  the  betatron  tune, 
and  the  normalized  coordinates  x  and  x'  both  have  the  di¬ 
mensions  of  length.  An  AC  dipole  just  after  the  reference 
point  gives  a  real  normalized  angular  kick  on  turn  t  of 

A2t  =  Ax'  =  5  cos(27r Qpt  +  V'o)  (3) 

where  Qd  is  the  drive  tune  and  tpo  is  the  initial  phase.  The 
AC  dipole  strength  is  S  —  (BL/(Bp))  0d,  where  BL  is 
the  integrated  field  amplitude,  (Bp)  is  the  rigidity,  and  (3d 
is  the  Twiss  function  at  the  dipole. 

If  2  =  zo  just  before  the  first  dipole  kick,  then  the  net 
displacement  phasor  on  turn  T  is 

zT  =  Rtzo+(Rt Az0+RT~1Azi  — bf^Azr-i)  (4) 

*  Work  supported  by  the  DoE. 


zco  =  6 _  e12^07  -  6+  e~i2vQDT  (7) 

generally  following  a  tilted  ellipse,  not  a  circle,  in  normal¬ 
ized  phase  space.  The  semi-minor  and  semi-major  axes  are 
1 1<5_  |  —  |5+ 1 1  and  |<S_|  +  |5+|  long.  In  practice  the  aspect  ra¬ 
tio  of  the  ellipse  is  close  to  1  when  the  AC  dipole  is  driven 
at  a  tune  close  to  the  fractional  betatron  tune  (Q-  «  0). 
When  |6_  |  |<5+ 1  the  approximate  motion  is 

zT  «  zei2vQxT  +  5-  ei2vQDT  (8) 

Motion  in  the  rotating  frame,  which  rotates  with  the  AC 
dipole  drive  at  2i tQd  per  turn,  is  denoted  by  over-bars.  As¬ 
suming  the  previous  approximation  to  be  accurate, 

zr  =  L  +  «',2,<3-T  (9) 

That  is,  a  test  particle  slowly  circulates  the  vector  <S_  at  a 
radius  of  constant  length  |  z  |,  as  illustrated  in  Fig.  1. 

When  a  bunch  is  considered,  a  distribution  of  z  values 
must  be  used.  A  smoothly  distributed  beam  has  (z)  =  0 
and  (z2)  =  2f3eu  where  ()  represents  a  bunch  average,  and 
e„  is  the  unnormalized  root  mean  square  emittance.  The 
center  of  charge  motion  in  the  non-rotating  frame  is  just 

(zr)  =  8_ei2xQDT  (10) 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Thus,  the  coherent  bunch  response  to  an  adiabatically 
driven  AC  dipole  has  a  constant  amplitude 

acoH  =  I  6-  I  =  7  .  7~n . r  (11) 

4  sm(7rQ_) 

This  has  been  quantitatively  confirmed  in  the  AGS  [7]. 

Any  bunch  tune  spread  (due  to  non-zero  chromaticity  or 
nonlinear  detuning)  trivially  modifies  the  rate  of  advance 
around  the  <5 _  vector  for  different  particles.  Less  trivially, 
the  tune  spread  also  modifies  <5_,  which  is  a  function  of 
<Q_  (see  Eqn.  6).  This  is  not  a  practical  problem  if  Qd  is 
sufficiently  far  outside  the  bunch  tune  spectrum. 

2  SHEAR  MOTION  -  DETUNING 

The  total  approximate  one  turn  difference  map  is 

J 

A  J  =  -y==V2J  cos(2nQ  pt)  cos(<p)  (12) 

\Pd 
5  1 

=  --j==-j=cos{2'xQDt)s\n{(j>)  (13) 

+  2tt(Qxo  +  otJ) 

where  V’o  is  set  to  0,  and  the  action  J  =  a2/2f3o  has  the 
dimensions  of  length.  Detuning  with  action  is  present,  pro¬ 
portional  to  aJ,  since  (if  (5  =  0) 

Qx(J)  =  (Ad>)/2ir  =  Qxo  +  oiJ  (14) 

where  ()  represents  a  time  average.  A  one  turn  discrete 
Hamiltonian  H\  concisely  describes  this  motion,  through 

(£)  -  (1£&)  <*» 

Since  H\  represents  a  difference  map,  and  not  continu¬ 
ous  differential  motion,  it  is  not  (necessarily)  even  approx¬ 
imately  a  constant  of  the  motion.  In  the  case  at  hand 

Hi  =  2-k(QX0J  +  t;J2)  ~  cos(2-KQoi)  sin (<j>) 

4  VPo 

(16) 

This  Hamiltonian  is  marred  by  its  time  dependence. 

A  canonical  transformation  to  the  rotating  frame  is 
achieved  by  applying  the  generating  function 

W(J,  <f>,  t)  =  J<t>  -  2tt QDtJ  (17) 

New  and  old  action-angle  coordinates  are  related  through 

J  -  dW/d<j)  =  J  (18) 

4>  =  dW/dJ  =  <t>  -  2tt QDt 

If  one  turn  motion  is  small  (Q_  «  0),  the  transformation 
Hi  =  Hi  +  dW/dt  (averaged  over  many  turns)  yields 

Hi  =  2n(p2-Q-J)  -  -A^71/2sin$)  (19) 


Hi  is  independent  of  time,  and  is  a  good  approximation  to 
a  constant  of  the  motion.  The  fixed  points  are  given  by 


0  =  2 

In  general  there  is  either  one  stable  fixed  point,  or  one  un¬ 
stable  and  two  stable  fixed  points  [7].  When  detuning  is 
absent  (a  =  0)  the  fixed  point  amplitude  is 

arp  =  5  qZ  <21) 

agreeing  with  Eqn.  1 1  when  Q_  is  small! 

3  NONLINEAR  MOTION  IN  2-D 

The  action-angle  time  series  (Jx,<t>x,  Jz,4>z)t  is  derived 
from  tum-by-turn  data  (xi ,  X2,  yi,y2)t  recorded  at  2  hor¬ 
izontal  and  2  vertical  BPMs.  This  requires  the  empirical 
adjustment  of  the  /?  function  ratio  of  each  BPM  pair,  of  the 
phase  advance  of  each  pair,  and  of  the  closed  orbit  error  at 
every  BPM,  in  a  process  which  also  corrects  for  the  ellipti¬ 
cal  motion  of  the  oscillating  closed  orbit  [1,  3,  6], 

The  general  2-D  one  turn  discrete  Hamiltonian  is 

Hi  =  2ttQxqJx  +  2,TcQYoJy  (22) 

+  £  VijklJx2Jy/2  Sin {k<t>x  +  l<t>y  +  <t>ijkl  ) 
ijkl 

where  the  appropriate  set  of  indices  (ijkl)  depends  on  the 
dominant  nonlinearities  [2].  Only  in  the  simplest  of  models 
can  Vijki  and  4>ijki  be  predicted  analytically.  The  horizon¬ 
tal  action  time  series  is  then 


jx(t)  —  dxo  'y ' 

ijkl 


kV  ui  ji/2  ff/2 
2  sinjTrQw] 


sin(27r  Qktt  +  4>0ijki) 


A  single  harmonic  dominates  if  Qki  =  kQx  +  IQy  ap¬ 
proaches  an  integer  for  some  ( k ,  l)  pair.  With  coherent 
bunch  motion,  Qx  and  Qy  represent  the  drive  tunes  of 
simultaneous  horizontal  and  vertical  AC  dipoles,  and  Jx o 
and  Jy0  represent  the  average  (fixed  point)  actions. 

The  Discrete  Fourier  Transform  (DFT)  of  a  long  action 
time  series  generates  action  harmonic  coefficients 

D’U  =  (24) 

IJ 

TTie  value  of  a  coefficient  (Dxki  or  Dyki)  depends  on  the 
Jx0  and  Jyo  values  used  in  that  measurement.  Multiple 
measurements  on  a  grid  of  (Jxo,  Jyo)  values  can  be  used  to 
recover  a  complete  set  of  Vijki  and  (fcoijki  values. 

Sometimes  the  motion  is  summarized  by  smear  statis¬ 
tics  [2],  The  horizontal  smear  sxx  is  given  by 


(a  xax) 

( ox)(ax ) 


l2i/2  2i— 4  2j 
K  vijklaxO  ay0 

2i+j+3  sm2[7rQfe/] 
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Horizontal  phase,  <|>x/27t 

Figure  2:  1-D  motion  near  a  decapole  driven  resonance 
with  an  AC  dipole  OFF  (TOP)  or  ON  (BOTTOM). 

(assuming  (3X  =  (3y  =  1).  Similar  expressions  exist  for  the 
vertical  and  correlation  smears,  syy  and  sxy.  Predicted  and 
measured  smears  agree  well  in  controlled  experiments  with 
a  small  number  of  dominant  nonlinearities  [3, 4], 

4  A  NUMERICAL  EXPERIMENT 

Figure  2  illustrates  a  simple  1-D  numerical  experiment. 
Detuning  (from  Qx  =  0.591  to  0.609  between  ax  =  0 
and  2.0)  is  driven  by  three  octupoles,  arranged  to  minimize 
octupole  driven  resonances  [6],  A  single  decapole  drives 
the  Qx  =  3/5  resonance,  generating  a  chain  of  5  islands 
at  a  res  ~  1.4  in  the  TOP  figure.  The  AC  dipole  tune 
Qo  =  59/101  «  0.584  allows  a  plotting  period  of  101 
turns  to  be  used  in  the  BOTTOM  figure.  A  coherent  AC 
dipole  ON  signal  is  simulated  by  launching  a  single  parti¬ 
cle  at  the  fixed  point  in  the  BOTTOM  figure,  to  generate 
a  tum-by-tum  “BPM”  time  series.  The  goal  is  to  show 
that  this  time  series  closely  resembles  that  obtained  with 
the  same  launch  coordinates,  but  with  the  AC  dipole  OFF. 


0.0  0.1  0.2  0.3  0.4  0.5 

Discrete  Fourier  Transform  tune,  QDFT 


Figure  3:  Discrete  Fourier  Transforms  of  the  horizontal  ac¬ 
tion  of  a  test  particle  in  the  numerical  experiment. 

Figure  3  shows  action  DFTs  with  the  AC  dipole  OFF 
and  ON.  The  harmonic  peaks  shift  because  Qx 
0.593(0.584)  in  the  OFF  (ON)  case.  Nonetheless,  the  Dx 50 
and  £>X3o  values  derived  from  both  data  sets  are  closely 
consistent,  after  correcting  for  the  l/sin[7rQfc0]  depen¬ 
dence  in  Eqn.  24.  This  implies  that  single  particle  Hamil¬ 
tonian  values  Vijki  and  4>mjki  can  indeed  be  derived  from 
measurements  of  coherent  motion  driven  by  AC  dipoles. 
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BNL-BUILT  LHC  MAGNET  ERROR  IMPACT  ANALYSIS  AND 

COMPENSATION 


V.  Ptitsin*.  S.  Tepikian, 

Abstract 

Superconducting  magnets  built  at  the  Brookhaven  National 
Laboratory  will  be  installed  in  both  the  Insertion  Region 
IP2  and  IP8,  and  the  RF  Region  of  the  Large  Hadron  Col¬ 
lider  (LHC).  In  particular,  field  quality  of  these  IR  dipoles 
will  become  important  during  LHC  heavy-ion  operation 
when  the  /?*  at  IP2  is  reduced  to  0.5  meters.  This  paper 
studies  the  impact  of  the  magnetic  errors  in  BNL-built  mag¬ 
nets  on  LHC  performance  at  injection  and  collision,  both 
for  proton  and  heavy-ion  operation.  Methods  and  schemes 
for  error  compensation  are  considered  including  optimiza¬ 
tion  of  magnet  orientation  and  compensation  using  local  IR 
correctors. 

1  INTRODUCTION 

An  .important  part  of  the  USA  contribution  to  the  Large 
Hadron  Collider  (LHC)  project  is  the  construction  of  su¬ 
perconducting  magnets  for  the  interaction  and  RF  regions 
of  the  future  collider.  The  half  of  the  total  number  of 
IR  triplet  quadrupole  magnets  will  be  produced  by  FNAL 
which  is  also  responsible  for  the  assembling  another  half 
of  IR  quads  produced  by  KEK  into  cryostat.  The  BNL 
constructs  superconducting  dipole  magnets  for  LHC  exper¬ 
imental  and  RF  insertions. 

In  the  previous  paper[l]  we  analysed  the  impact  of  mag¬ 
net  field  errors  in  the  IR  quadruples  and  dipoles  on  LHC 
collision  performance  for  proton  collisions  at  top  energy. 
In  this  article  the  accent  is  made  on  the  evaluation  of  the 
impact  coming  from  the  errors  of  BNL-made  dipoles  both 
at  collision  and  injection  and  on  the  case  of  heavy  ion  colli¬ 
sion  lattice  with  additional  low-beta  interaction  point  at  IP2 
in  comparison  with  the  proton  collision  lattice.  The  basic 
parameters  of  proton  and  ion  lattices  used  at  the  analysis 
are  listed  in  Table  1. 


Table  1 :  Lattice  parameters. 


Quantity 

pinj. 

p  coll. 

ion  coll. 

E  [GeV] 

450 

7000 

7000  per  charge 

Vr/Vy 

63.28/59.31 

63.31/59.32 

63.31/59.32 

2/2 

2/2 

2/2 

cn  [m-r] 

3.75x10-® 

3.75x10-® 

1.5x10"® 

(7p 

4.7  x  10-4 

l.lxlO-4 

1.14x  10"4 

Two  beam  dynamic  characteristic  quantities  are  used  to 
evaluate  the  error  impact:  the  dynamic  aperture  (DA)  and 
the  tune  footprint  The  target  values  for  the  LHC  are  more 
than  12(7  of  average  DA,  more  than  10cr  minimum  DA  and 
less  than  10"3  tune  spread. 

’Email:  vadimp@bnl.gov 
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2  TRACKING  SETUP 

Fortran  version  of  TEAPOT  code  was  used  for  tracking 
studies.  We  restricted  our  investigation  to  1000  turn  track¬ 
ing.  Previous  study  indicates  that  105  turn  tracking  further 
reduces  DA  by  0.5  —  l.cr. 

Ten  seeds  of  magnet  errors  were  created  based  on  the  er¬ 
ror  tables  for  all  studied  magnets  (the  errors  of  warm  D1 
dipoles  at  IR1  and  IR5  also  were  included).  We  excluded 
from  the  consideration  only  sqew  quadrupole  component 
of  the  errors  assuming  that  the  coupling  is  completely  com¬ 
pensated. 

The  working  point  at  collision  (yx  —  63.31  ,vy  —  59.32) 
and  injection  (vx  =  63.28,  vy  —  59.31)  are  both  close 
enough  to  the  third  integer  resonance  condition.  Thus  to 
avoid  the  decrease  in  dynamic  aperture  the  machine  has  to 
be  retuned  to  the  nominal  working  point  after  the  magnet 
errors  are  introduced  to  the  lattice.  Also  the  arc  sextupoles 
are  used  to  correct  the  chromaticity  to  the  nominal  values 
of  2.0  in  both  X  and  Y  planes. 

The  tracking  is  6  dimensional  with  the  RF  system  op¬ 
erating  at  nominal  values  of  RF  voltage.  The  particles  to 
track  are  taken  with  the  initial  2.5(7  energy  deviation. 

3  DIPOLE  ERROR  ANALYSIS 

BNL  superconducting  dipoles  include  interaction  region 
beam  separation  magnets  D1  for  IR2  and  IR8,  interaction 
region  magnets  D2  for  all  4  IRs,  and  RF  insertion  magnets 
D3A,  D3B,  D4A,  D4B  (Fig.l).  The  magnet  design  is  based 
on  the  RHIC  arc  dipole.  However,  due  to  the  specific  LHC 
requirements  the  magnets  D2,D4A,  D4B  utilize  2-in-l  de¬ 
sign  with  two  magnet  apertures  in  one  yoke.  Examples  of 
1-in-l  and  2-in-l  magnet  designs  fro  BNL-built  dipoles  are 
shown  in  Figure  2. 

The  expected  dipole  error  sets  for  D1  and  D3  magnets 
at  injection  and  collision  used  at  the  analysis  are  shown  in 
Tables  2,  3  where  b3 ,  a2  present  quadrupole  components. 
The  twin  aperture  magnets  (D2,D4)  have  slightly  different 
the  error  set  with  b3  =  -5.7  at  injection  and  b3  =  —0.48 
at  collision. 

The  big  value  of  b3  at  injection  is  caused  by  the  effect 
of  persistent  current.  In  comparison  with  RHIC  case  this 
effect  is  relatively  large.  The  magnet  design  was  optimized 
initially  for  RHIC  but  the  current  of  RHIC  magnet  at  in¬ 
jection  is  about  600  A  while  the  magnets  for  LHC  would 
use  the  current  as  low  as  300  A  which  leads  to  increasing 
persistent  sextupole  component.  The  analysis  showed  the 
persistent  b3  at  the  arc  LHC  dipoles  is  of  the  same  value 
as  shown  in  Table  4.  The  contribution  of  the  the  RF  re¬ 
gion  dipoles  (D3,D4)  to  the  chromaticity  variation  is  small 
in  comparison  with  the  total  contribution  from  the  large 
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Table  2:  Expected  D1  &  D3  errors  at  collision.  R0  =  17 
mm _ 


n 

(bn) 

Normal 

d(bn) 

<r(bn) 

(an) 

Skew 

d(an) 

<T(Un) 

Body 

[unit] 

2 

0.07 

0.54 

0.19 

0.43 

2.4 

1.1 

3 

-1.5 

1.6 

0.84 

-0.12 

0.27 

0.10 

4 

0.00 

0.08 

0.03 

0.01 

0.34 

0.13 

5 

0.11 

0.17 

0.09 

-0.01 

0.04 

0.01 

7 

0.11 

0.02 

0.01 

-0.00 

0.01 

0.00 

9 

0.00 

0.01 

0.00 

-0.00 

0.00 

0.00 

LE 

[unit- 

m] 

(Length=0.73  m) 

2 

-0.3 

1.5 

0.7 

-1.0 

2.9 

1.2 

3 

10.3 

1.4 

0.5 

-4.6 

0.5 

0.2 

5 

-0.1 

0.2 

0.1 

0.5 

0.1 

0.0 

RE 

[unit- 

m] 

(Length=0.73  m) 

2 

0.2 

1.2 

0.5 

0.6 

3.1 

1.3 

3 

2.8 

1.2 

0.5 

0.1 

0.5 

0.2 

amount  of  arc  dipole  magnets  and  does  not  require  special 
corrections.  Furthemore,  no  noticable  impact  was  found 
from  the  saturation  of  63  component  at  collision. 

Compensation  measures  have  been  taken  to  diminish  the 
effect  of  the  errors  ofinteraction  region  dipole  D1  on  beam 
dynamics.  They  include: 

1.  Magnet  Orientation  Optimization:  D1  lead  end  is  ori¬ 
ented  towards  the  interaction  points  where  a  63  cor¬ 
rector  is  located. 

2.  Body-End  Compensation  for  the  systematic  63: 

63  (Body)  =  -0.095  B3(LE)-0.116B3(RE)  =  -1.3[u] 

Tracking  studies  were  performed  for  the  proton  LHC  lat¬ 
tice  both  at  injection  and  collision  with  the  whole  set  of 
errors  from  dipole  error  tables.  The  studies  indicated  no 
CMS 


Figure  1:  BNL-made  dipoles  at  LHC  ring 


Table  3:  Expected  D1  &  D3  errors  at  injection.  Ro  =  17 
mm _ 


n 

Normal 

(bn)  d(bn) 

<r(6n) 

(®n) 

Skew 

<z(a„) 

Body 

[unit] 

2 

0.08 

0.51 

0.19 

0.14 

2.8 

1.1 

3 

-6.3 

2.5 

0.92  ■ 

•0.03 

0.24 

0.09 

4 

-0.02 

0.07 

0.03 

0.04 

0.37 

0.13 

5 

0.14 

0.18 

0.09  ■ 

-0.01 

0.04 

0.01 

7 

-0.04 

0.02 

0.01 

0.0 

0.01 

0.0 

9 

0.01 

0.01 

0.0 

0.0 

0.0 

0.0 

LE 

[unit-m] 

(Length=0.73  m) 

2 

-0.2 

1.5 

0.7 

-1.6 

2.9 

1.1 

3 

8.7 

1.3 

0.5 

-4.6 

0.5 

0.2 

5 

-0.1 

0.2 

0.1 

0.5 

0.1 

0.0 

RE 

[unit-m] 

(Length=0.73  m) 

2 

0.2 

1.3 

0.5 

-0.2 

3. 

1.1 

3 

1.8 

1.1 

0.5 

0.1 

0.5 

0.2 

Table  4 

k  Persistent  current  contribution  from 

D3,D4 

dipoles  versus  arc 

dipoles 

Quantity 

Arc  dipoles 

D3,D4 

Persistent  63  [u] 

-9 

-6 

Dispersion  [m] 

1.5 

0.1 

Chromaticity 

500 

0.03 

noticeable  impact  of  the  dipole  errors  on  the  beam  dynam¬ 
ics.  If  only  BNL  dipole  errors  are  taken  into  the  account  the 
resulting  dynamic  aperture  is  beyond  the  physical  aperture. 
Figure  3  shows  no  difference  in  1  ler  footprint  at  the  injec¬ 
tion  energy  for  the  cases  with  and  without  the  BNL  dipole 
errors. 

4  HEAVY-ION  OPERATION 

Heavy-ion  collision  lattice  uses  low-/?*  IP2  in  addition  to 
low-/?*  collisions  at  IP1  and  IP5.  This  produces  large  val¬ 
ues  of  /?  functions  in  corresponding  IR  triplet  quadruples 
and  D1  dipoles.  Furthemore,  all  interaction  regions  uti¬ 
lize  orbit  separation  and  crossing  angle  schemes.  Such 
schemes  lead  to  large  orbit  excursion  inside  IR  quads  and 
dipoles  thus  shifting  the  beam  to  the  field  regions  with 
larger  nonlinearity.  The  interaction  region  configuration 
for  ion  lattice  used  at  the  tracking  studies  is  shown  in  Table 
5.  The  worst  case  is  considered  with  the  crossing  angle  of 
±150/xrad  at  each  low-/?  interaction  points. 

The  tracking  used  the  two  possible  schemes  of  IR 


Figure  2:  Magnet  body  cross  section  of  BNL-built  D1  and 
D4A. 
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Figure  3:  1  1<t  tune  footprints  with  and  without  the  errors 
in  D1,D2,D3,D4  magnets. 


Table  5:  Interaction  region  configuration  parameters 


IP1 

IP2 

IP5 

IP8 

sep.  [mm] 

0 

0 

0 

MW 

angl  e[//rad] 

±150  v 

±150  v 

±150  h 

±100  V 

/M  [m] 

0.5, 0.5 

0.5, 0.5 

0.5, 0.5 

33,33 

quadrupole  arrangement.  In  the  unmixed  scheme  KEK- 
built  magnets  are  installed  at  IR1,  IR2  and  FNAL-built 
magnets  at  IR5,  IR8.  In  the  mixed  scheme  the  each  interac¬ 
tion  region  contains  both  KEK-built  (Q1,Q3)  and  FNAL- 
built  (Q2A.Q2B)  quadrupoles.  The  most  tracking  has  been 
done  for  the  mixed  scheme.  Table  6  presents  a  summary  of 
the  tracking  results. 


Table  6:  Effects  of  MQX  and  dipole  errors  in  terms  of  103- 
turn  6D  DA. _ 


Case 

DA  ((TTy) 

Min.  DA 

Unmixed  case: 

Full  error 

8.3±  1 .8 

5(Txy 

Errors  at  IR2  only 

9.7±2.4 

G&xy 

Quad  error  at  IR2  only 

11.8±3.7 

6ffxy 

Mixed  case: 

Full  error 

8.5±1.5 

5o"xy 

Full  error,  no  cross.angle 

13.1±2.1 

9&xy 

Quad  error  only 

8.9±1.6 

6&xy 

Errors  at  IR2  only 

10.2±2.3 

6(TXy 

Quad  error  at  IR2  only 

11.7±3.5 

Systematic  only 

9.5±0.8 

v&xy 

Random  only 

12.4±2.2 

Qo’xy 

Without  n  =  3,4  errors 

9.1±1.8 

6axy 

Without  n  =  5,6  errors 

11.4±1.4 

7&x  y 

Without  n  =  7,8  errors 

8.1  ±2.5 

'b&xy 

Without  n  =  9, 10  errors 

9.0±1.7 

IR  dipole  error  only 

>  physic.apert. 

The  beam  dynamic  characteristics  are  mainly  deter¬ 
mined  by  the  errors  in  IR  quadrupoles.  The  dipoles,  es¬ 
pecially  cold  D1  at  IR2,  enhance  the  impact  by  further  re¬ 
ducing  the  DA  by  up  to  2<r.  The  mixed  quad  arrangement 
scheme  provides  slightly  better  results  for  DA  as  well  as 
for  the  6<t  footrpint  size: 


scheme 

footprint  [10-3] 

max.footprint  [10-3] 

mixed 

2.7±1.5 

4.9 

separated 

3.6±1.9 

6.6 

The  important  case  is  when  the  errors  were  installed  only 
at  IR2  quads  and  dipoles.  The  resulting  average  DA  of 


10.2cr  and  minimum  DA  of  6cr  are  below  the  acceptable 
values.  It  indicates  that  the  non-linear  correctors  would 
also  be  useful  at  IR2  in  order  to  achieve  the  target  value 
of  DA  at  the  ion  operation.  The  rms  values  of  the  results 
for  DA  with  the  errors  at  IR2  only  are  quite  large.  It  is  ex¬ 
plained  by  the  big  difference  between  horizontal  and  verti¬ 
cal  dynamic  aperture  in  this  case.  Vertical  DA  is  about  4-5 
(7  smaller. 

In  order  to  understand  how  effectively  the  local  IR  cor¬ 
rection  schemes  compensate  for  the  IR  magnet  errors  the 
tracking  has  been  done  with  the  non-linear  correctors  on. 
The  present  correction  strategy  includes  3  correctors  per 
each  triplet  at  IR1  and  IR5.  It  is  still  under  discussions 
and  studies  what  the  best  choice  of  the  layers  of  correc¬ 
tion  elements  to  be  put  into  these  correctors.  The  following 
corrector  configuration  was  considered: 


corrector  place 

harmonic  layers 

between  Q2A  and  Q2B 

64, 65 

between  Q2B  and  Q3 

03,  Ct4,  Qq 

between  Q3  and  D1 

f>3,  h,  (bio) 

In  order  to  compensate  for  IR2  magnet  errors  the  same 
corrector  scheme  was  put  also  into  IR2.  The  results  ob¬ 
tained  for  the  cases  with  and  without  correctors  at  IR2  con¬ 
firmed  the  conclusion  that  the  presence  of  the  correctors  at 
IR2  considerably  improves  the  nonlinear  dynamics  charac¬ 
teristics: 


Case 

DA  (<7afV) 

Min.  DA 

Correctors  only  at  IR1.IR5 

10.5±3.0 

^&xy 

With  IR2  correctors 

17.0±1.7 

1  3  O'  xy 

5  CONCLUSION 

Field  quality  of  BNL  dipoles  is  adequate  for  nominal  pro¬ 
ton  operation  both  for  injection  and  collision  lattices. 

In  the  case  of  the  ion  lattice  the  contribution  from  IR2 
magnets  are  considerable.  The  use  of  the  non-linear  cor¬ 
rectors  at  IR2  is  preferable  if  the  crossing  angle  as  large  as 
±  150/trad  to  be  used. 
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NEW  CAPABILITIES  OF  THE  SPIN  TRACKING  CODE  SPINK 
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Abstract 

The  code  SPINK,  originally  written  to  track  polarized 
protons  in  RHIC,  underwent  several  modifications  and 
additions  that  have  added  substantial  new  capabilities  to  it. 

1  BASIC  FEATURES  OF  SPINK 

A  tracking  code:  SPINK  [1]  was  written  for  the  RHIC 
SPIN  project  at  Brookhaven  [2]  to  study  the  behavior  of 
polarized  protons  in  the  Relativistic  Collider  during 
injection,  acceleration  and  storage  at  fixed  energy.  From 
the  output  of  MAD  [3]  SPINK  reads  the  first  order 
matrices  for  each  machine  element  and  the  second  order 
Transport  maps  as  well  as  the  Twiss  functions  along  the 
lattice.  Then,  a  subset  of  matrices  is  being  created,  where 
all  elements  that  do  not  generate  any  spin  rotation  or  any 
bend  in  the  trajectory  are  lumped  together.  To  the  newly 
created  elements  a  keyword  is  attached,  such  as  BEND, 
QUAD,  SEXT,  HELIX,  SNAKE,  RFCAV,  etc.  Particle 
orbits  are  tracked  through  the  first  and  second  order  maps 
(thick  elements,  with  edge  effects,  as  described  in  MAD). 
The  spin  of  each  proton,  represented  by  a  real  3- 
dimensional  vector  of  length  one,  is  also  tracked  using 
spin  rotation  matrices  created  by  the  code.  At  the  present, 
with  the  exception  of  Helices,  spin  rotation  matrices  are 
for  thin  elements. 

SPINK  has  been  used  for  years,  both  in  RHIC  and  the 
AGS,  in  particular  to  study  the  survival  of  the  spin 
polarization  in  passing  through  resonances.  The  most 
significant  new  features  of  the  code  are  described  below. 

2  LATTICE  ERRORS 

Angle,  position  and  field  errors  in  the  machine  lattice 
generate  a  distorted  closed  orbit.  Since  the  strength  of  spin 
resonances  depends  on  the  average  distance  of  a  particle 
from  the  design  equilibrium  orbit,  depolarization  at  a 
resonance  is  affected  by  lattice  errors.  In  an  actual 
accelerator  the  closed  orbit  distortions  are  being  corrected 
with  the  use  of  horizontal  and  vertical  steering  magnets, 
whose  currents  are  calculated  with  various  algorithms. 
Orbit  correction  in  MAD  is  accomplished  through  the 
Micado  algorithm,  that  solves  in  the  least  square 
approximation  an  under  constrained  system  of  equations. 

To  correctly  track  phase  space  and  spin,  we  had  to 
transmit  from  MAD  to  SPINK  the  information  related  to 
the  errors  (measured  or  randomly  assumed)  of  each 
machine  element,  and  displace  and  rotate  accordingly  the 
relevant  orbit  transport  maps.  This  task  is  accomplished 
using  the  BNL  version  of  MAD  [4], 

Results  of  proton  spin  tracking  in  the  RHIC  lattice  in 
the  presence  of  errors  for  two  intrinsic  resonances,  for  an 
ideal  orbit  (no  lattice  errors),  and  for  errors  in  the  lattice 
but  with  a  corrected  orbit  (to  0.2  mm),  are  shown  in 

'  Work  supported  by  the  U.S.  Department  of  Energy 
*  luccio@bnl.gov 


Fig.l.  Here,  we  assumed  random  errors  of  the  order  of  1 
mm  and  1  mrad  in  position  and  angle  of  all  magnets, 
respectively.  The  momentum  spread  in  the  beam  was 
0.03%. 


Gy 


Figure  1 :  Spin  tracking  in  RHIC,  crossing  the  Gy  = 
381.82  and  422.18  intrinsic  resonances.  The  upper  curve 
is  for  an  ideal  orbit.  The  lower,  for  a  distorted  orbit  due  to 
lattice  errors.  Average  over  a  few  hundred  particles  tracked. 

3  SECOND  ORDER  EFFECTS 

Second  order  effects  in  SPINK  are  dealt  with  using  the 
second  order  Transport  maps  from  MAD.  Important  effects 
on  spin  resonances  arise  from  crossing  of  sextupoles  and 
higher  order  multipoles  in  the  lattice. 

Since  in  building  maps  for  orbit  tracking  some 
elements  are  lumped  together  as  explained  in  Sec.  1, 
matrices  have  to  be  multiplied,  and  also  second  order  maps 
are  convoluted  to  produce  an  overall  map  for  the  new 
element.  This  is  done  using  the  expression 

Ttjk  =  ^  I  RinTnjk  +  TinmRnjRmk  I  (!) 

n»l  \  1  / 

Where  R  and  T  are  the  first  order  and  the  second  order  orbit 
Transport  maps,  respectively,  and  the  index  (‘)  or  (“) 
denotes  the  order  in  which  maps  are  taken. 
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Two  comments  are  necessary:  (i)  Second  order  tracking 
considerably  reduces  the  speed  of  calculation,  which  is  an 
unpleasant  factor  when  many  particles  for  many  turns  are 
tracked,  (ii)  Second  order  Transport  maps  are  truncated  and 
therefore  non-simplectic. 

In  conclusion,  in  performing  second  order  tracking  one 
has  to  exercise  caution  when  the  conservation  of  quantities 
like  the  emittance  is  an  important  issue.  Using  of  better 
maps,  like  the  one  derived  with  Lie  algebra  will  be 
implemented  in  the  future. 

4  BEAM-BEAM  EFFECTS 

In  RHIC,  the  two  acceleration  chambers  intersect  at  six 
locations  around  the  circumference,  where  the  counter 
rotating  beams  can  be  brought  to  collide.  Collisions  affect 
both  orbit  and  spin  dynamics,  since  the  electric  and 
magnetic  field  of  a  beam  exercise  forces  on  the  particles  of 
the  other  beam,  producing  defocusing  and  spin  rotation. 

In  SPINK,  we  modeled  one  beam  as  a  Gaussian 
distribution  of  charges  in  motion  and  we  studied  the  effect 
of  the  fields  on  the  single  particles  of  the  other  beam  [5]. 
The  expression  of  the  resulting  betatron  tune  shift  in  a 
collision  is 

Av  =  -i-[l-e-“2/0(«2)]  (2) 

where  u  =  r/2o,  and  f  is  the  tune  shift  on  axis, 
proportional  to  the  number  of  particles  per  bunch  n  and 
inversely  to  the  normalized  emittance.  E.g.  for  n  = 
2xlOn,  emittance  IOji  mm-mrad  and  /f  =  1  m,  it  is  on 
axis  §  =  -0.015.  Tune  distribution  in  the  beam  can  be 
calculated  by  Eq.  (2).  SPINK  tracking  agreed  very  well 
with  Eq.  (2)  and  was  also  used  to  calculate  the  effect  of 
beam-beam  on  spin.  Fig.  3  shows  how  the  vertical 
component  of  the  spin  is  affected  by  beam-beam  at  fixed 
energy  corresponding  to  Gy  =  261,  close  to  the  strong 
intrinsic  spin  resonance  at  Gy  =  232  +  vr 

For  this  simulation  run,  the  beams  are  first  accelerated, 
then  brought  to  constant  energy  and  made  to  collide. 


Avv 

Figure  2:  Beam-beam  in  a  resonance  crossing.  The  tune  of 
particles  at  various  vertical  distances  from  axis  determines 
the  resonance  strength.  No  space  charge,  and  n=2xlOn. 


5  STABLE  SPIN  AXIS.  SPIN  TUNE 

For  each  position  along  the  accelerator  lattice  and  for  each 
position  in  phase  space,  there  is  a  stable  spin  axis.  If  the 
spin  of  a  proton  is  initially  aligned  along  this  direction,  it 
will  remain  stable,  if  it  isn’t,  it  will  precede  in  a  cone 
around  this  direction.  Finding  the  stable  spin  cone 
corresponding  to  a  given  phase  space  distribution  of  the 
particles  in  the  beam  is  particularly  important  at  injection, 
since  we  should  make  it  coincide  with  the  spin  cone  of  the 
injected  beam. 

On  the  closed  orbit  the  spin  tune  for  a  polarized  particle 
is  the  number  of  spin  precesions  per  turn  in  an  accelerator. 
It  is  measured  by  the  quantity  Gy,  and  increases  with  the 
energy  of  the  beam.  When,  during  the  acceleration  cycle, 
the  spin  tune  crosses  some  specific  values,  spin- 
depolarizing  resonances  appear.  Siberian  snakes  in  the 
lattice  make  the  spin  tune  independent  of  energy.  For 
RHIC,  with  two  Siberian  snakes,  the  spin  is  made  equal 
to  one.  This  means  that  the  spin  pattern  should  remain 
identical  and  repeat  at  each  turn. 

To  calculate  the  stable  spin  axis  direction,  SPINK  uses 
the  method  of  Stroboscopic  Average  [6],  as  implemented 
in  the  code  SPRINT  [7],  A  number  of  protons  with 
different  initial  spin  directions  are  tracked  for  a  certain 
number  of  turns,  then  only  one  proton  with  the  average 
spin  is  tracked  back  to  reach  the  initial  phase  space 
location.  The  spin  at  this  starting  point,  averaged  over  the 
multiple  passages  through  the  same  location  in  the  lattice, 
is  applied  to  the  proton,  and  the  process  continues  with 
forward  and  backward  tracking  until  the  process  eventually 
converges. 

Fig.  3  shows  an  example  of  calculated  stable  spin  axis 
in  RHIC  for  very  small  emittance  of  the  beam,  at 
injection  (  Gy  =  41.5).  The  two  snakes  were  set  for  spin 
rotation  of  180°  and  100°,  respectively,  around  several 
settings  of  mutual  perpendicular  axes.  This  arrangement 
produces  a  stable  spin  axis  on  a  cone  of  semi-aperture  0  = 
40°.  For  each  snake  axis  orientation  there  is  a 
corresponding  angle  <|>  for  the  stable  spin  axis. 


Figure  3:  stable  spin  axis  for  spin  rotation  180°  and  100° 
in  two  snakes  around  different  axis  settings 


1579 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


For  the  same  example,  Fig.  4  shows  the  pattern  of  the 
three  components  of  the  stable  spin  axis  along  the 
circumference  of  RHIC.  The  vertical  component  of  the 
spin  axis  is  flipped  at  the  two  locations  of  the  snakes. 


Figure  4.  Stable  spin  axis  components  in  RHIC.  Two 

snakes  with  spin  rotation  of  180°  and  100°,  and  axes  at 
+45°  and  -45°,  respectively. 

6  MAP-GENERATED  MATRICES  FOR 
HELICAL  SNAKES 

RHIC  will  be  equipped  with  helical  Siberian  snakes  and 
Spin  rotators.  SPINK  has  three  ways  to  treat  helical 
devices  of  this  kind  (i)  Synthetic  Snakes,  (ii)  Analytical 
Snakes,  and  (iii)  Map  Snakes. 

In  the  first  mode,  snakes  and  rotators  are  represented  for 
orbit  tracking  as  thin  passive  elements  (MAD  Markers), 
and  for  spin  tracking  by  a  matrix  that  effectively 
represents  a  rotation  of  the  spin  vector  by  a  given  angle 
and  around  a  given  axis. 

Analytical  helical  devices  are  represented  by  a  formalism 
that  produces  the  transport  of  orbit  and  spin  coordinates 
through  the  field  of  helices,  expanded  to  first  order  [8]. 

Map  helical  devices  is  implemented  by  transformations 
up  to  third  order  of  the  coordinates,  whose  coefficients 
have  been  numerically  calculated  by  tracking  by  numerical 
integration  a  distribution  of  particles  in  phase  space  and 
spin  space  through  magnetic  field  maps  for  the  actual 
devices.  The  first  order  part  of  these  maps  has  been  made 
simplectic  [9], 

For  the  first  mode,  input  of  SPINK  is  the  spin  rotation 
and  axis  angles.  For  the  second,  values  of  die  nominal 
field  and  characteristic  angles  for  the  helices  are  used.  For 
the  third,  a  set  of  numerical  coefficients. 

Fig.  5  shows  the  geometry  of  a  4-helix  Siberian  snake 
for  RHIC  [10]  and  the  trajectories  of  protons  used  to 
calculate  the  transport  maps  by  third-order  fitting. 


Y-27  (moh.map)  3 1  parts.  e=20  mm-mrad 
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Figure  5:  Envelope  of  trajectories  used  to  calculate  R  and 
T  orbit  and  spin  maps  in  a  4-helices  Siberian  snake. 
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DYNAMIC  APERTURE  MEASUREMENTS  AT  THE  ADVANCED  LIGHT 

SOURCE  * 


W.  Decking* ,  D.  Robin, 

Abstract 

A  large  dynamic  aperture  for  a  storage  ring  is  of  importance 
for  long  lifetimes  and  a  high  injection  efficiency.  Measure¬ 
ments  of  the  dynamic  aperture  of  the  third  generation  syn¬ 
chrotron  light  source  Advanced  Light  Source  (ALS)  using 
beam  excitation  with  kicker  magnets  are  presented.  The 
experiments  were  done  for  various  accelerator  conditions, 
allowing  us  to  investigate  the  influence  of  different  working 
points,  chromaticities,  insertion  devices,  etc..  The  results 
are  compared  both  with  tracking  calculations  and  a  simple 
model  for  the  dynamic  aperture  yielding  good  agreements. 
This  gives  us  confidence  in  the  predictability  of  the  non¬ 
linear  accelerator  model.  This  is  especially  important  for 
future  ALS  upgrades  as  well  as  new  storage  ring  designs. 

1  DEFINITION  OF  THE  APERTURE 

The  aperture  of  an  electron  storage  ring  is  the  maximum 
transverse  and/or  longitudinal  deviation  from  the  design  or¬ 
bit  an  electron  can  experience  without  being  lost.  The  size 
of  the  aperture  can  effect  both  injection  and  lifetime.  At  the 
ALS  where  one  injects  horizontally  offset  from  the  stored 
beam  the  on-momentum  aperture  has  to  be  large  enough  to 
accept  the  injected  electron  beam.  From  the  point  of  view 
of  lifetime  it  is  important  to  have  both  sufficiently  large 
on-momentum  and  off-momentum  apertures.  In  particular 
the  lifetime  of  a  low  energy,  low  emittance  electron  stor¬ 
age  ring  like  the  ALS1  is  usually  given  by  the  scattering  of 
electrons  within  a  bunch  (Touschek  effect)  and/or  by  elastic 
and  inelastic  scattering  of  electrons  with  the  residual  gas. 

When  electrons  scatter  within  a  bunch,  they  may  transfer 
enough  momentum  to  be  outside  the  momentum  aperture 
of  the  storage  ring.  Depending  on  the  dispersion  function 
at  the  scattering  position,  scattered  electrons  start  a  beta¬ 
tron  oscillation  in  addition  to  the  momentum  offset.  An 
electron  with  a  large  betatron  amplitude  usually  reaches  the 
off-momentum  aperture  at  smaller  momentum  deviations. 
Elastic  scattering  of  electrons  with  the  residual  gas  excites 
betatron  oscillations.  The  elastic  scattering  lifetime  is  thus 
proportional  to  the  on-momentum  aperture.  For  more  de¬ 
tails  about  aperture  measurements  using  lifetime  investiga¬ 
tions  see  [1],  [2]. 

The  aperture  can  be  limited  by  several  effects.  The  lin¬ 
ear  transverse  motion  of  electrons  is  limited  by  the  vac¬ 
uum  chamber  aperture  xvc..  In  the  presence  of  disper- 

*  This  woik  was  supported  by  the  Director,  Office  of  Energy  Research, 
Office  of  Basic  Energy  Sciences,  Materials  Sciences  Division,  of  the  U.S. 
Department  of  Energy,  under  Contract  No.  DE-AC03-76SF00098. 

t  Now  at  DESY,  Hamburg,  Germany. 

1  The  ALS  is  operated  with  an  energy  of  1 .5  —  1 .9  GeV  and  an  emit¬ 
tance  of  3.5  —  5.6  X  10-9  radm. 


LBNL,  Berkeley,  USA 

sion  t]  this  aperture  is  reduced  by  the  off-momentum  orbit. 
The  invariant  physical  horizontal  aperture  is  the  minimum 
around  the  ring  of  APhya,x{8)  =  (x„c.(s)  -  r](s)6)2  / /3x(s) 
with  6  =  the  relative  momentum  deviation.  Disper¬ 
sion  is  usually  only  present  in  the  horizontal  plane  leaving 
the  vertical  physical  aperture  Aphys,y  momentum  indepen¬ 
dent.  The  longitudinal  motion  of  electrons  is  limited  by  the 
height  of  the  rf-bucket  provided  by  the  accelerating  voltage 
in  the  cavity. 

The  electron  motion  is  also  confined  by  dynamic  effects, 
leading  to  resonant  or  chaotic  amplitude  growth.  The  bor¬ 
der  of  this  motion  is  called  the  dynamic  aperture  Adyn,x(.6) 
and  depends  on  the  relative  momentum  deviation.  The  dy¬ 
namic  aperture  is  often  estimated  through  tracking  calcula¬ 
tions. 

One  can  also  estimate  the  dynamic  aperture  using  a  sim¬ 
ple  model  in  the  following  way:  Electrons  are  lost  when 
their  tune  satisfies  a  resonance  condition.  From  knowing 
the  tune  shift  terms  with  amplitude,  J^-,  and  mo¬ 
mentum  deviation,  ^f,  one  can  compute  the  tune 
shift  due  to  momentum  and  transverse  deviations: 

A  v-^lLAd  +  ^-kA,  +^S+^S2+--- 

y  ~  8AX  dyn’x+8Ay  dyn’x+  86  +  86*  d  + 

(1) 

where  Avy  is  the  distance  to  the  closest  'deadly'  resonance, 
and  k  is  the  emittance  coupling  factor.  Knowing  the  dis¬ 
tance  to  the  resonance  defines  a  momentum  dependent  dy¬ 
namic  aperture. 

From  equation  1  several  ways  to  increase  the  dynamic 
aperture  can  be  seen: 

•  Increase  the  distance  to  the  closest 'deadly'  resonance 
by  choosing  a '  good'  working  point. 

•  Decrease  the  tune  shift  for  large  amplitude  electrons. 
This  is  addressed  in  the  design  phase  by  adequately 
distributing  the  nonlinear  elements.  During  operation 
one  can  lower  the  chromaticity  to  small  numbers. 

•  Avoid  excitation  of  resonances,  which  is  achieved  in 
high  periodicity  machines,  where  a  large  number  of 
identical  basic  cells  decreases  the  number  of  excitable 
resonances. 

The  total  aperture  is  the  minimum  of  all  the  aperture  lim¬ 
itations  discussed  above.  It  is  often  difficult  to  distinguish 
clearly  between  dynamic  and  physical  limits  in  the  mea¬ 
surements.  Only  good  knowledge  of  the  vacuum  chamber 
dimensions,  the  optical  functions  and  the  emittance  cou¬ 
pling  allows  the  separation  of  the  two  effects.  We  will  thus 
only  use  the  term  dynamic  aperture  in  the  following  if  we 
can  exclude  physical  limits. 
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2  MEASUREMENTS  OF  THE 
APERTURE 

A  tool  for  aperture  measurements  is  a  beam  kicker  magnet. 
This  is  a  fast  magnet  which  permits  the  kicking  of  the  beam 
over  a  single  turn.  A  criteria  for  the  aperture  could  be  to 
increase  the  kick  amplitude  until  the  beam  is  lost.  A  mea¬ 
surement  of  this  maximum  kick  amplitude  as  a  function  of 
an  artificial  aperture  limit  (horizontal  scraper)  is  shown  in 
figure  1.  This  measurement  serves  as  a  calibration  for  the 
kicker  voltage.  It  also  shows  that  at  a  certain  point  the  kick 
amplitude  is  independent  of  the  scraper  position.  This  is 
when  the  kicked  beam  hits  another  aperture  in  the  ring. 


Figure  1:  Maximum  kicker  voltage  versus  horizontal 
scraper  position. 

To  measure  the  aperture  for  off-momentum  electrons, 
the  storage  ring  rf-frequency  is  changed  to  change  the  stor¬ 
age  ring  energy.  This  simulates  a  'static'  off-momentum 
situation,  as  the  bunch  centroid  is  not  performing  syn¬ 
chrotron  oscillations.  If  the  main  reason  for  the  dynamic 
aperture  is  the  tune  shift  with  momentum  deviation,  this 
'static'  measurement  should  be  sufficient. 

Figure  2  shows  a  measurement  of  the  aperture  versus 
momentum  deviation.  The  measured  aperture  is  asym¬ 
metric  in  momentum  due  to  higher  order  tune  shift  terms, 
which  shift  the  lower  momentum  electrons  faster  towards 
the  integer  resonance.  At  a  momentum  deviation  of  « 
—0.03  one  can  see  a  dip  in  the  curve,  which  is  interpreted 
as  a  resonance  which  is  overcome  for  lower  momentum 
electrons  when  the  tune  is  shifted  beyond  this  resonance. 
To  estimate  the  dynamic  aperture  with  synchrotron  oscil¬ 
lations,  the  dynamic  aperture  is  assumed  to  be  the  small¬ 
est  envelope  fitting  into  the  measured  aperture.  With  syn¬ 
chrotron  oscillations  it  may  be  possible  for  electrons  to 
cross  through  resonances  like  the  one  at  S  p»  —0.03  in  fig¬ 
ure  2.  The  synchrotron  tune  at  the  ALS  is  u,  ss  0.008  or  ap¬ 
proximately  125  turns  per  synchrotron  oscillation.  There¬ 
fore  the  dashed-dotted  line,  representing  the  inner  enve¬ 
lope,  is  a  somewhat  pessimistic  approximation  of  the  dy¬ 
namic  aperture  including  synchrotron  oscillations. 

Figure  3  shows  a  comparison  of  the  measured  aperture 
with  tracking  calculations  and  with  the  tune-shift  model. 
Electrons  were  tracked  through  the  ALS  lattice  with  a  six¬ 
dimensional  symplectic  integrator2.  The  following  errors 

2The  tracking  code  TRACY2  was  used. 


Figure  2:  Maximum  kick  amplitude  versus  momentum  de¬ 
viation  at  the  following  storage  ring  conditions:  vx  = 
0.31,  uy  =  0.22,  ^  ps  0.5, ?s  0.5.  The  solid  line  is 
the  raw  measurement,  while  the  dashed  dotted  line  shows 
the  derived  dynamic  aperture  assuming  synchrotron  oscil¬ 
lations. 


Figure  3:  Comparison  of  measured  aperture  (dashed-dotted 
line),  tracking  calculations  (solid  line  /  circles),  and  tune- 
shift  model  with  a  Auy  =  —0.14.  The  tune  was  vx  = 
14.31,  uy  =  8.22. 

and  constraints  were  included  in  the  model  to  simulate  the 
realistic  machine: 

•  Physical  aperture  borders  were  included  in  the  track¬ 
ing  to  prevent  electron  oscillations  outside  the  realistic 
vacuum  chamber.  This  is  important  because  large  am¬ 
plitude  electrons  may  perform  large,  but  stable  oscil¬ 
lations  which  would  be  outside  the  physical  aperture 
but  not  lead  to  a  loss  of  the  electron  in  the  tracking. 

•  Linear  field  errors  are  simulated  according  to  the  op¬ 
tics  measurements  done  at  the  ALS  with  the  response- 
matrix  fitting  method  [3].  This  errors  lead  to  a  /?-beat 
and  thus  a  break  in  periodicity. 

•  Random  skew  quadrupole  errors  were  distributed  in 
all  quadrupoles  of  the  lattice  and  adjusted  to  obtain  a 
1  %  coupling. 

•  The  wiggler  (see  below)  was  simulated  as  a  chain  of 
hard  edge  dipoles  obtaining  the  correct  linear  focusing 
and  longitudinal  dynamics  properties. 

The  tune-shift  Avy  for  the  tune-shift  model  was  chosen  to 
fit  the  measured  aperture.  Measurements,  tracking  and  the 
tune-shift  model  agree  rather  well  for  large  off-momentum 
electrons.  For  on-momentum  electrons  the  measurement 
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shows  smaller  horizontal  amplitudes.  The  horizontal  phys¬ 
ical  aperture  of  the  ALS  is  «  20  mm,  thus  the  measurement 
(and  the  tracking)  show  that  the  horizontal  aperture  is  lim¬ 
ited  through  dynamic  effects. 

To  investigate  the  dependence  on  the  tune,  the  tune  is 
moved  towards  the  integer  resonance,  parallel  to  the  vx — vy 
coupling  resonance.  Figure  4  shows  the  aperture  for  this 
tune  setting,  again  compared  with  tracking  calculations  and 
the  model.  The  measured  dynamic  aperture  is  only  slightly 
smaller  than  in  the  previous  case  (figure  3)  and  the  tracking 
and  tune-shift  model  agree  better  with  the  measurements. 
The  integer  resonance  defines  a  clear  limit  for  the  dynamic 
aperture.  The  tracking  thus  shows  the  expected  behavior 
(increase  of  dynamic  aperture  with  distance  to  the  inte¬ 
ger  resonance)  while  the  measurements  indicate  that  on- 
momentum  electrons  are  lost  at  almost  the  same  large  trans¬ 
verse  amplitudes.  Large  transverse  amplitude  particles  are 
for  instance  more  sensitive  to  additional  nonlinear  fields, 
which  we  have  not  included  in  the  tracking. 

The  effect  of  periodicity  breaking  in  a  highly  periodic 
machine  can  be  shown  with  the  insertion  of  a  wiggler3  in 
the  ALS  lattice.  The  vertical  focusing  effect  of  the  wig¬ 
gler  is  locally  compensated,  which  leaves  a  breaking  of  the 
ideal  12-fold  symmetry.  The  aperture  measurement  shows 
a  slight  degradation  of  the  dynamic  aperture  when  the  wig¬ 
gler  is  closed  (see  figure  5  compared  with  figure  4).  This  is 
in  good  agreement  with  tracking  calculations. 

To  show  the  importance  of  coupling,  an  aperture  mea¬ 
surement  was  performed  with  the  skew  quad  circuits  pow¬ 
ered.  This  should  decrease  the  on-momentum  dynamic 
aperture  considerably,  because  electrons  with  large  hori¬ 
zontal  amplitudes  are  coupled  in  the  vertical  plane,  where 
they  are  lost  at  the  small  gap  vacuum  chambers4.  This  sit¬ 
uation  was  also  modeled  in  the  tracking.  The  results  are 
displayed  in  figure  6.  The  agreement  between  measure¬ 
ment  and  tracking  is  good.  The  tune-shift  model  fails  in 
this  case,  because  it  does  not  take  into  account  the  vertical 
aperture  limit. 

3  CONCLUSION 

The  aperture  of  the  ALS  was  measured  with  the  help  of  a 
horizontal  kicker  magnet.  The  results  of  this  measurement 
agree  very  well  with  previous  measurements  using  lifetime 
techniques  [1],  [2],  The  dynamic  aperture  is  also  derived 
from  tracking  studies  and  from  a  rather  simple  model.  The 
agreement  between  measurement  and  tracking  is  good.  The 
nonlinear  accelerator  model  has  to  be  improved  to  predict 
the  behavior  of  large  transverse  amplitude  particles.  The 
simple  model  can  be  used  to  understand  the  tracking  data 
and  to  optimize  the  operating  conditions  of  the  ALS. 


3The  wiggler  has  a  peak  field  of  2  T,  0.16  m  period  length,  and  3  m 
total  length. 

4The  smallest  vacuum  chamber  gap  in  the  ALS  has  a  full  height  of 
«  8mm at Py  =  4m. 


Figure  4:  Comparison  of  measured  aperture  (dashed-dotted 
line),  tracking  calculations  (solid  line  /  circles),  and  tune- 
shift  model  with  a  Avy  =  —0.11.  The  tune  was  shifted  to 
vx  =  14.27,  vy  =  8.18. 


Figure  5  :  Comparison  of  measured  aperture  (dashed-dotted 
line),  tracking  calculations  (solid  line  /  circles),  and  tune- 
shift  model  with  a  Avy  =  —0.1.  The  tune  was  vx  — 
14.27,  vy  =  8.18  and  the  wiggler  was  closed. 


Figure  6:  Comparison  of  measured  aperture  (dashed-dotted 
line),  tracking  calculations  (solid  line  /  circles),  and  tune- 
shift  model  with  a  Avy  =  —0.09.  The  tune  was  vx  = 
14.27,  vy  =  8.18  and  the  wiggler  was  closed.  In  addition 
the  skew  quadrupole  circuit  was  powered. 
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OPTICS  CHARACTERIZATION  AND  CORRECTION  AT  PEP-IP 

J.  Safranek  * ,  M.  H.  Donald,  SLAC,  Stanford,  CA 


Abstract 

The  linear  optics  of  both  the  high  energy  ring  (HER)  and 
low  energy  ring  (LER)  for  SLAC’s  PEP-II  B-Factory  were 
characterized  with  two  algorithms:  analysis  of  the  mea¬ 
sured  closed  orbit  response  matrix  and  analysis  of  betatron 
phase  advance  measurements.  The  results  of  the  two  anal¬ 
yses  were  in  good  agreement.  When  the  HER  was  first  run 
in  a  low  / 3  optics  in  autumn  1997,  the  measured  (3  functions 
showed  more  than  a  factor  of  two  discrepancy  from  the  de¬ 
sign.  The  source  of  the  optics  distortion  was  diagnosed  and 
corrected  using  these  methods. 

1  INTRODUCTION 


The  PEP-II  collider  consists  of  two  storage  rings  -  a  high 
energy  ring  (HER)  for  9  GeV  electrons  and  a  low  energy 
ring  (LER)  for  3  GeV  positrons.  The  storage  rings  are  each 
2.2  km  long,  and  they  intersect  at  a  single  interaction  point 
(IP)  to  produce  collisions  for  high  energy  physics  experi¬ 
ments. 

In  order  to  maximize  luminosity,  the  LER  and  HER  op¬ 
tics  were  designed  with  small  ft  functions  at  the  IP.  When 
the  HER  was  first  commissioned  in  this  low  f3  optics  dur¬ 
ing  the  autumn  of  1997,  the  measured  (3y  showed  a  large 
discrepancy  from  the  design  model.  Fig.  1  compares  the 
measured  and  design  model  fiy  in  the  region  of  the  ring 
±60  meters  from  the  IP.  The  beam  size  is  large  in  the  fi¬ 
nal  focus  doublet  (QD4  and  QF5),  and  the  beam  is  focused 
tightly  at  the  IP.  The  measured  (3y  data  points  were  gener¬ 
ated  by  measuring  the  tune  shifts,  Az/y,  from  small  changes 
in  integrated  quadrupole  gradients,  A KL. 


Py  =  47T 


A  KL 


(1) 


The  measured  (3y  differed  by  as  much  as  a  factor  of  2.5 
from  the  design  model.  The  error  in  (3y  was  seen  through¬ 
out  the  ring.  The  measured  (ix  agreed  much  better  with  the 
design. 

Two  methods  were  applied  to  investigate  the  source  of 
this  optics  distortion  -  analysis  of  the  measured  closed  or¬ 
bit  response  matrix,  and  analysis  of  betatron  phases  deter¬ 
mined  using  tum-by-tum  measurements  of  betatron  oscil¬ 
lations. 

*  This  work  was  performed  under  the  auspices  of  the  U.S.  Department 
of  Energy. 

t  Email:  safranek@slac.stanford.edu 


Figure  1 :  The  fiy  measured  at  quadrupoles  compared  to  the 
design  and  to  the  model  fit  by  LOCO.  The  IP  is  at  the  center 
of  the  graph. 


2  LOCO  FOR  HER 

2.1  Method 

The  closed  orbit  response  matrix  is  the  shift  in  orbit  at  each 
BPM  for  a  change  in  strength  of  each  steering  magnet.  The 
HER  has  144  horizontal  and  143  vertical  steering  mag¬ 
nets  with  about  150  horizontal  and  150  vertical  BPMs,  so 
the  HER  orbit  response  matrix  has  more  than  40,000  data 
points.  Differences  between  the  model  and  measured  re¬ 
sponse  matrix  can  arise  from  quadrupole  gradient  errors, 
BPM  gain  errors,  and  steering  magnet  calibrations  errors. 

The  computer  code  LOCO[l]  (Linear  Optics  from 
Closed  Orbits)  was  used  to  vary  the  quadrupole  gradients, 
BPM  gains,  and  steering  magnet  calibrations  in  a  computer 
model  of  the  HER  to  minimize  the  x2  difference  between 
the  model  and  measured  response  matrices.  In  total  about 
770  parameters  were  varied  to  fit  the  model  to  the  40,000 
measured  data. 

The  HER  has  about  300  quadrupoles.  The  number  of 
BPMs  in  the  ring  and  the  accuracy  of  the  BPM  measure¬ 
ments  are  not  sufficient  to  accurately  calibrate  the  gradient 
in  each  of  these  quadrupoles  independently.  For  this  rea¬ 
son  it  was  assumed  that  all  quadrupoles  driven  by  the  same 
power  supply  had  the  same  gradient.  Also  the  gradients  of 
the  two  QD4’s  as  well  as  the  two  QF5’s  were  assumed  to  be 
the  same,  even  though  each  of  these  quadrupoles  are  pow¬ 
ered  with  its  own  supply.  In  total  this  gave  68  families  of 
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quadrupoles  varied. 

The  for  the  model  fit  to  the  response  matrix  is  in¬ 
cluded  in  Fig.  1.  The  prediction  of  the  measured  /3y  is 
greatly  improved.  The  fit  model  also  accurately  reproduced 
die  measured  fix-  The  difference  between  the  fit  and  de¬ 
sign  model  gradients,  A K,  is  plotted  as  a  function  of  posi¬ 
tion  around  the  ring  in  Fig.  2  for  all  300  HER  quadrupoles. 
Rather  than  simply  plotting  A K,  the  plot  shows  (3yAKL, 
the  integrated  quadrupole  gradient  error  multiplied  by  /3y  at 
each  quadrupole.  /3yAKL  is  the  contribution  to  fiy  distor¬ 
tion  from  each  quadrupole  gradient  error.  (The  (3y  distor¬ 
tion  from  a  single  quadrupole  gradient  error,  A KL,  is[2] 


A  /3y(s) 
Py(s) 


=  /3y(s0)AKL 


C0s2[|<ft(s)  -  <ft(s0)|  -  iru] 
2sm2itv 


,  (2) 


where  the  quadrupole  is  at  position  so-)  The  LOCO  fit  in¬ 
dicated  that  errors  in  the  IP  doublet  quadrupoles,  QD4  and 
QF5,  drove  nearly  all  of  the  0y  distortion. 


Distance(m) 

Figure  2:  The  magnitude  of  the  driving  term  for  fiy  distor¬ 
tion  as  a  function  of  position  around  the  ring  according  to 
the  LOCO  fit. 


2.2  Error  Analysis 

Once  LOCO  had  converged  to  find  the  model  with  the  best 
statistical  fit  to  the  data,  the  rms  difference  between  the 
measured  and  model  response  matrices  was  88  /xm  hor¬ 
izontal  and  32  /xm  vertical.  The  accuracy  of  the  fit  was 
considerably  worse  than  the  noise  level  of  the  closed  orbit 
measurements  (4  /xm),  presumably  due  to  systematic  errors 
associated  with  gradients  from  horizontal  orbit  offsets  in 
sextupoles  as  well  as  variation  in  gradients  of  quadrupoles 
powered  by  the  same  power  supply.  The  steering  magnet 
kicks  used  to  measure  the  response  matrix  gave  rms  orbit 
shifts  of  1.7  mm,  so  the  model  orbit  shifts  fit  the  measured 
shifts  to  5%  and  2%  horizontally  and  vertically. 

Figure  3  shows  the  error  bars  for  Fig.  2  from  the  4  /xm 
random  BPM  measurement  error.  The  error  bars  were  cal¬ 
culated  analytically  assuming  a  normal  measurement  error 
distribution.  The  error  bars  are  quite  small,  indicating  the 
quadrupoles  on  individual  supplies  around  the  IP  can  be 


calibrated  to  about  1  part  in  10,000.,  and  the  QD  and  QF 
quadrupoles  in  the  arcs  with  many  magnets  on  one  supply 
can  be  calibrated  to  5  parts  in  a  million.  Of  course,  with 
systematic  errors  included,  the  error  bars  are  much  larger. 
(Not  to  mention  that  the  QD  and  QF  power  supplies  are  not 
even  stable  to  this  level.) 


Distonce(m) 

Figure  3:  The  error  bars  for  Fig.  2  due  to  the  random  4  /xm 
BPM  measurement  error. 

Nonetheless,  Fig.  3  is  useful  in  demonstrating  that  the 
expected  error  bars  on  (3yAKL  for  quadrupoles  on  individ¬ 
ual  supplies  tend  to  be  the  same  order  of  magnitude  from 
quadrupole  to  quadrupole.  In  other  words,  QD4  and  QF5 
sticking  out  like  sore  thumbs  in  Fig.  2  indicates  a  real  prob¬ 
lem  with  these  quadrupoles,  not  just  uncertainty  in  the  fit 
parameters. 

2.3  Optics  Correction 

Starting  from  the  fit  optics  model  and  reducing  QD4  and 
QF4  by  .60%  and  .49%  restored  the  optics  to  the  design. 
QD4  and  QF5  were  reduced  in  the  ring,  and  measurements 
confirmed  that  the  design  optics  were  restored.  No  good 
explanation  of  the  gradient  errors  was  found.  It  was  noted 
that  longitudinal  displacement  of  the  IP  doublets  3  cm 
closer  to  the  IP  would  give  nearly  the  same  optics  distor¬ 
tion  as  the  strength  errors.  Measurements  of  the  quadrupole 
positions  indicated  no  such  large  position  errors. 

When  the  IP  was  rebuilt  during  the  installation  of  the 
LER,  the  effective  error  in  the  IP  doublet  strengths  was 
greatly  diminished,  to  about  0.13%. 

3  PHASE  FITTING 

Using  buffered  data  acquisition  of  Beam  Position  Monitor 
(BPM)  data,  which  records  beam  position  for  1024  consec¬ 
utive  turns,  the  relative  phase  of  the  betatron  motion  be¬ 
tween  the  BPMs  may  be  found.  The  phase  fitting  is  now 
available  on-line  [4].  Because  of  beta  function  mismatch, 
this  phase  will  be  different  from  the  ideal  (model)  phase 
between  the  BPMs.  It  is  possible  to  fit  this  phase  error  us¬ 
ing  errors  in  the  strength  of  quadrupole  families  as  the  fit- 
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ting  variable.  We  used  the  program  LEGO  [5]  as  the  fitting 
code. 

The  results  obtained  by  such  fitting  were  consistent  with 
the  LOCO  results.  The  whole  table  of  quadrupole  gradient 
errors  showed  some  correlation  between  the  two  methods 
but  was  conclusive  only  when  the  beta  functions  were  taken 
into  account.  The  comparison  between  the  errors  found  by 
the  two  methods  is  given  in  Table  1 . 

Table  1:  Comparison  of  results  obtained  by  LOCO  and 
phase  fitting  method 


phase  fit  results 

LOCO  results 

QD 

0.20 

0.18 

QF 

-0.04 

-0.04 

QD4 

0.55 

0.60 

QF5 

0.69 

0.49 

quadrupole  strengths  in  the  interaction  region  and  the  main 
QD,QF  strings. 


Figure  6:  Error  in  the  horizontal  betatron  phase.  The  phase 
error  (measured  -  model)  is  plotted  as  a  function  of  hori¬ 
zontal  phase  advance.  The  phase  is  in  tune  units  i.e.  /x/27r. 


Figures  4  and  5,  and  show  the  measured  phase  differ¬ 
ences  before  the  fitting. 


Betatron  phase  (model)  (tune  units) 

Figure  4:  Error  in  the  horizontal  betatron  phase.  The  phase 
error  (measured  -  model)  is  plotted  as  a  function  of  hori¬ 
zontal  phase  advance.  The  phase  is  in  tune  units  i.e.  /t/ 2n. 


Figure  5:  Error  in  the  vertical  betatron  phase.  The  phase 
error  (measured  -  model)  is  plotted  as  a  function  of  vertical 
phase  advance.  The  phase  is  in  tune  units  i.e.  /z/27t. 

Figures  6  and  7  are  phase  differences  between  the  same 
measured  data  and  a  ’’new”  model  with  fitted  values  for 


Figure  7:  Error  in  the  vertical  betatron  phase.  The  phase 
error  (measured  -  model)  is  plotted  as  a  function  of  vertical 
phase  advance.  The  phase  is  in  tune  units  i.e.  /i/2?r. 
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MEASUREMENT  OF  SEXTUPOLE  ORBIT  OFFSETS  IN  THE  APS 

STORAGE  RING  * 


M.  Borland.  E.A.  Crosbie,  and  N.S.  Sereno  ANL,  Argonne,  IL 


Abstract 


Horizontal  orbit  errors  at  the  sextupoles  in  the  Advanced 
Photon  Source  (APS)  storage  ring  can  cause  changes  in 
tune  and  modulation  of  the  beta  functions  around  the  ring. 
To  determine  the  significance  of  these  effects  requires 
knowing  the  orbit  relative  to  the  magnetic  center  of  the  sex¬ 
tupoles.  The  method  considered  here  to  determine  the  hor¬ 
izontal  beam  position  in  a  given  sextupole  is  to  measure  the 
tune  shift  caused  by  a  change  in  the  sextupole  strength.  The 
tune  shift  and  a  beta  function  for  the  same  plane  uniquely 
determine  the  horizontal  beam  position  in  the  sextupole. 
The  beta  function  at  the  sextupole  was  determined  by  prop¬ 
agating  the  beta  functions  measured  at  nearby  quadruples 
to  the  sextupole  location.  This  method  was  used  to  measure 
the  sextupole  magnetic  center  offset  relative  to  an  adjacent 
beam  position  monitor  (BPM)  at  a  number  of  sextupole  lo¬ 
cations.  We  report  on  the  successes  and  problems  of  the 
method  as  well  as  an  alternate  method. 

1  INTRODUCTION 


However,  we  encountered  persistent  disagreements  be¬ 
tween  our  model  of  the  ring  and  measurements  of  the  beta 
functions.  Hence,  a  program  to  measure  the  beam  posi¬ 
tion  in  sextupoles  directly  was  undertaken.  Note  that  while 
we  sometimes  speak  of  measuring  sextupole  “offsets”  or 
“positions”  and  of  “sextupole  miscentering,”  we  are  in  fact 
measuring  the  position  of  the  beam  relative  to  the  sextupole 
center  for  a  particular  lattice  configuration  and  steering. 

2  PRINCIPLE  OF  THE  MEASUREMENT 

The  measurement  relies  on  the  quadrupole  field  component 
generated  by  a  displaced  sextupole  magnet.  It  also  makes 
use  of  the  existence  of  individual  power  supplies  for  the 
280  sextupoles  and  400  quadrupoles  in  the  APS.  The  effec¬ 
tive  geometric  focusing  strength  (K\)  seen  by  a  beam  dis¬ 
placed  by  x  from  the  magnetic  center  of  a  sextupole  of  ge¬ 
ometric  strength  K2  is  just  K2x.  If  the  sextupole  strength 
is  changed  between  states  1  and  2  with  no  change  in  orbit, 
then  the  tune  change  is  related  to  the  change  in  K2  by  a 
well-known  [2]  equation,  giving 


Given  the  strong  sextupoles  present  in  third-generation 
light  sources,  miscentering  of  the  beam  in  the  sextupoles 
can  seriously  impact  one’s  ability  to  model  the  machine’s 
behavior.  This  affects  one’s  ability  to  correct  the  orbit,  ad¬ 
just  the  tunes,  and  perform  other  corrections  that  tend  to 
make  use  of  data  from  modeling.  It  may  also  have  an  ad¬ 
verse  effect  on  dynamic  aperture  and  injection. 

There  are  several  possible  sources  of  such  miscentering. 
First,  a  sextupole  may  simply  be  improperly  aligned.  Sec¬ 
ond,  an  unknown  or  mistaken  value  for  a  BPM  offset  may 
result  in  steering  off  axis  in  the  sextupole.  Third,  the  beam 
may  be  moved  deliberately  to  steer  for  a  user.  (At  APS, 
final  beam  alignment  for  users  is  performed  by  steering 
of  the  electron  beam.)  Fourth,  since  some  sextupoles  are 
in  dispersion  areas,  a  systematic  miscentering  may  result 
from  a  particular  choice  of  the  rf  frequency. 

At  APS,  many  BPM  offsets  are  derived  using  a  scanning 
technique  using  a  quadrupole  and  a  corrector  bump  [1]. 
This  permits  finding  the  offsets  relative  to  quadrupoles 
for  those  BPMs  that  are  adjacent  to  quadrupoles.  The 
method  relies  on  the  fact  that  if  the  beam  is  centered  in  a 
quadrupole,  then  changing  the  strength  of  that  quadrupole 
does  not  change  the  orbit.  Because  this  method  is  relatively 
straightforward  to  implement,  we  used  it  as  the  definition  of 
our  BPM  offsets.  The  assumption  was  that  the  sextupoles 
were  well-aligned  relative  to  the  quadrupoles,  so  that  steer¬ 
ing  to  the  center  of  quadrupoles  would  also  center  the  beam 
in  the  sextupoles. 

*  Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  En¬ 
ergy  Sciences,  under  Contract  No.  W-31-109-ENG-38. 


(1) 


where  Ls  is  the  length  of  the  sextupole,  the  +  (-)  sign  is 
used  if  horizontal  (vertical)  tune  data  is  used,  and  the  p 
function  should  be  for  the  same  plane  as  the  tune  change. 
In  order  to  determine  x,  we  change  the  strength  of  the 
sextupole  and  measures  the  change  in  tune.  To  make  the 
tune  change  as  large  as  possible,  we  chose  to  change  the 
sextupole  from  zero  to  maximum  current.  The  value  of 
A K2Ls  is  then  4.974  m~2  [3]  for  APS  sextupoles. 

In  order  to  eliminate  spurious  tune  changes  due  to  orbit 
motion  elsewhere  in  the  ring  caused  by  the  change  in  the 
sextupole  field,  we  employed  continuous  orbit  correction 
and  a  settling  period  (30-60s)  to  allow  correction  of  any 
orbit  perturbation.  Typical  perturbations  were  20-30  /xm 
peak  and  were  easily  corrected. 

The  beta  function  value  needed  to  compute  x  was  orig¬ 
inally  taken  from  the  model.  Later,  we  implemented  a  re¬ 
finement  of  the  technique  that  involves  using  measured  beta 
functions  from  two  quadrupoles  that  bracket  the  sextupole. 


3  MEASUREMENT  TECHNIQUE  AND 
DATA  ANALYSIS 

The  principle  of  this  measurement  is  clearly  quite  sim¬ 
ple,  and  it  was  readily  implemented  using  existing  soft¬ 
ware  tools,  notably  the  SDDS  (Self-Describing  Data  Sets) 
toolkit  [1,  4,  5].  The  measurement  is  available  via  a  GUI 
interface  built  using  the  Tcl/Tk  script  language.  The  script 
uses  SDDS  tools  for  data  collection,  analysis,  and  display. 
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The  tune  measurements  were  taken  with  a  Hewlett- 
Packard  Vector  Signal  Analyzer  (HP  VSA),  which  has  low 
noise  and  fast  averaging  compared  to  a  typical  network  an¬ 
alyzer,  using  a  frequency  chirp  to  drive  the  beam.  To  save 
time  and  allow  higher  tune  measurement  resolution,  we 
narrowed  the  span  of  the  analyzer  to  include  only  one  of  the 
tunes.  We  chose  to  use  the  vertical  tune  for  most  measure¬ 
ments  as  this  increases  A u,  given  that  we  have  f3y  >  f3x  at 
most  of  the  sextupoles  of  interest.  Further,  the  vertical  tune 
is  less  subject  to  drift  and  wobble  than  the  horizontal  tune. 

The  script  reads  the  tune  spectra  from  the  HP  VSA  for 
the  two  sextupole  settings  (0  and  full  current).  Typical 
spectra  are  shown  in  Figure  1 .  The  script  processes  the  tune 
spectra  using  either  a  smoothing  and  peakfinding  algorithm 
or  a  correlation-based  algorithm.  The  results  are  very  close 
for  the  two  algorithms,  with  maximum  differences  being 
equivalent  to  about  30  jmi  in  sextupole  position. 


Tune 


Figure  1:  Typical  spectra  from  a  measurement  of  beam  po¬ 
sition  in  a  sextupole 

The  same  instrument  and  software  tools  are  used  for  the 
beta  function  measurements.  Indeed,  the  equation  under¬ 
lying  the  beta  function  measurement  is  simply  a  variant 
of  Eq.  (1),  namely  (3  =  AKi0Ls/(4n).  We  have  veri¬ 
fied  using  simulations  that  this  equation  is  accurate  when 
used  for  a  single  quadrupole  at  a  time  or  for  groups  of  up 
to  40  quadrupoles;  that  is,  any  perturbation  of  the  lattice 
due  to  the  measurement  is  negligible.  The  beta  function 
measurement  script  takes  five  tune  measurements  for  five 
different  values  of  the  quadrupole  strength.  The  beta  func¬ 
tion  is  computed  from  the  slope  of  the  tune  vs  quadrupole 
strength,  where  the  strength  itself  is  deduced  from  the  ex¬ 
citation  curve  of  the  magnet.  The  script  restores  the  tunes 
by  iteratively  adjusting  the  quadrupole  current,  so  that  the 
lattice  is  not  perturbed  by  successive  measurements.  This 
means  we  do  not  have  to  rely  on  knowing  the  hysteresis 
behavior  of  the  magnet  in  order  to  restore  the  lattice. 

Figure  2  shows  a  histogram  of  the  measurements  made 
to  date,  for  S2  and  S3  sextupoles,  that  bracket  the  dipoles  in 
our  double  bend  acromat  (DBA)  lattice.  The  mean  position 
is  —0.25  ±  0.04  mm.  For  the  S2  sextupoles  (which  are  in 
a  nominally  zero-dispersion  location),  the  mean  is  —0.13  ± 
0.05  mm.  For  the  S3  sextupoles  (in  a  dispersion  location), 
the  mean  is  —0.37  ±  0.05  mm.  This  suggests  that  we  are 


systematically  off-center  in  the  sextupoles  largely  due  to 
the  particular  value  of  rf  frequency  we  use. 
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Figure  2:  Histogram  of  measured  beam  positions  in  sex¬ 
tupoles 


As  mentioned  in  the  introduction,  one  reason  for  wanting 
to  know  the  beam  position  in  the  sextupoles  is  to  evaluate 
the  effect  on  the  lattice.  Although  we  have  only  made  mea¬ 
surements  for  160  of  the  280  sextupoles,  it  is  interesting  to 
compute  the  beta  function  resulting  from  the  beam  offsets 
in  these  sextupoles.  This  is  shown  in  Figure  3.  In  practice, 
such  beats  are  corrected  using  a  singular  value  decomposi¬ 
tion  (SVD)  technique  [6]  that  does  not  require  knowing  the 
beam  position  in  the  sextupoles.  However,  application  of 
that  technique  does  not  provide  an  explanation  of  the  pres¬ 
ence  of  beta  beats.  Although  our  data  is  incomplete  and 
cannot  be  taken  to  represent  the  actual  beta  function  mod¬ 
ulation,  it  does  demonstrate  the  possibility  that  any  such 
modulations  may  be  due  to  the  position  of  the  beam  in  the 
sextupoles. 


0  .  _  _  _  . 
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Figure  3:  Computed  vertical  beta  function  for  the  APS  due 
to  beam  positions  in  the  160  sextupoles  for  which  measure¬ 
ments  were  done.  APS  has  280  sextupoles  plus  other  po¬ 
tential  sources  of  focusing  errors,  so  this  figure  does  not 
purport  to  represent  the  actual  beta  function. 


4  TESTS  OF  THE  METHOD 

We  tested  the  method  in  two  ways:  First,  we  checked  the 
reproducibility  of  the  measurement;  when  repeated  within 
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a  short  time,  this  was  very  good,  with  successive  measure¬ 
ments  reproducing  at  the  2-[im  level  imposed  by  our  tune 
measurement  resolution.  Second,  we  checked  the  linear¬ 
ity  and  slope  by  making  successive  measurements  with  the 
beam  deliberately  steered  to  different  positions  in  a  sex- 
tupole.  This  was  done  for  two  sextupoles.  The  linearity 
was  generally  good,  but  the  data  showed  slope  errors;  i.e., 
the  change  in  BPM  reading  over  the  change  in  position 
deduced  from  the  sextupole-based  measurement  was  not 
unity.  For  example,  in  one  case  we  found  a  reproducible 
30%  error  in  the  slope,  as  seen  in  Figure  4.  In  another 
case  we  found  a  50%  error.  Possible  sources  of  this  er¬ 
ror  are  the  various  calibrations  of  the  BPM,  sextupole,  and 
quadrupole,  plus  the  particular  bump  shape  that  was  used. 

There  is  evidence  from  response  matrix  measurements  of 
15-25%  errors  in  the  calibration  of  the  two  BPMs  in  ques¬ 
tion.  Since  this  is  based  on  comparing  a  measured  matrix 
[7]  to  a  computed  matrix  using  a  model  that  matches  the 
average  beta  functions  [8],  it  is  not  necessarily  accurate  for 
a  given  sector.  However,  because  30-50%  of  magnet  cali¬ 
bration  errors  are  difficult  to  conceive,  we  believe  that  BPM 
calibration  accounts  for  most  of  the  discrepancy.  If  this  is 
correct,  then  the  beam  position  measurements  in  the  sex¬ 
tupoles  are  reliable.  These  measurements  do  not  rely  on 
BPMs,  but  only  on  tune  measurement. 
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Figure  4:  Linearity  test  of  measurement  of  beam  position 
in  a  sextupole 


Even  if  the  position  measurements  are  accurate,  the  dis¬ 
crepancy  makes  it  impossible  to  use  the  data  to  center  the 
beam  in  the  sextupoles.  Because  of  this,  we  have  devel¬ 
oped  a  different  technique  that  obviates  the  need  to  know 
the  magnet  calibrations.  Specifically,  we  will  use  beam 
bumps  in  the  sextupoles  to  steer  the  beam  until  the  tune 
change  due  to  changing  a  sextupole  current  is  nulled  out. 
The  readout  of  the  nearest  BPM  tells  us  where  to  steer  the 
beam  in  order  to  center  it  in  the  sextupole.  As  long  as  the 
BPM  calibration  is  not  changed,  this  data  could  be  used  for 
beam  centering  even  if  the  calibration  is  not  good  in  abso¬ 
lute  terms.  This  method  also  requires  no  measurement  of 
beta  functions  and,  being  iterative,  it  does  not  rely  on  the 
linearity  of  the  BPMs.  An  initial  test  of  this  method  showed 
that  it  converged  to  the  accuracy  of  our  tune  measurements 
after  three  to  four  iterations. 


One  problem  discovered  when  doing  the  linearity  tests 
was  that  the  results  depended  on  the  type  of  beam  bump 
used  (i.e.,  the  location  and  coefficients  of  the  corrector 
magnets).  We  interpret  this  to  mean  that  different  types  of 
local  bumps  may  have  sufficiently  different  shapes  that  the 
relationship  between  the  position  at  the  nearest  BPM  and 
the  position  in  the  sextupole  changes  appreciably.  Hence, 
in  choosing  the  beam  bump  to  use  for  the  new  method, 
care  needs  to  be  taken  that  the  beam  is  moved  in  a  parallel 
fashion  through  the  sextupole  and  nearby  BPMs.  This  also 
implies  that  we  may  have  a  practical  difficulty  in  steering 
precisely  to  the  center  of  all  sextupoles,  as  such  bumps  are 
likely  to  move  the  beam  in  several  sextupoles. 

5  CONCLUSION 

A  method  of  measuring  the  beam  position  in  sextupoles  by 
measuring  the  tune  shift  caused  by  a  change  in  sextupole 
strength  has  been  presented.  The  method  is  shown  to  be 
linear  with  respect  to  BPM  readout,  although  the  slope  was 
in  error  by  30-50%.  This  implies  that  our  measured  po¬ 
sitions  may  have  errors  of  this  magnitude;  however,  we 
believe  much  of  the  error  in  the  two  cases  studied  is  at¬ 
tributable  to  BPM  calibration  and  hence  that  the  measured 
positions  are  accurate.  The  error  in  each  individual  mea¬ 
surement  was  found  to  reproduce  at  the  2-fim  level  (the 
limit  imposed  by  the  tune  measurements)  when  measure¬ 
ments  were  taken  in  quick  succession.  A  modified  tech¬ 
nique  that  directly  finds  the  beam-centering  value  to  which 
to  steer  on  a  nearby  BPM  was  also  discussed. 
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Abstract 

We  present  a  simplified  analytical  model  that  shows  how 
fringe  field  aberrations  depend  on  a  quadrupole  magnet 
aperture.  It  is  found  that  for  a  fixed  magnet  length  and  focal 
length  the  fringe  field  aberrations  are  smaller  if  the  magnet 
aperture  is  larger  (i.e.  if  the  fringes  are  more  extended). 

1  INTRODUCTION 


The  linear  content  of  the  dynamics  is  described  by  M2 
while  the  nonlinear  part  is  represented  by  the  Lie  gener¬ 
ators  /„.  The  fn  are  homogeneous  polynomials  of  order  n 
in  the  dynamical  variables  and  :  fn  :  are  the  Lie  operators 
associated  with  i.e.  :  /„  :  g  =  [ f,g ]  with  [•,  ■]  being 
the  Poisson  brackets. 

A  map  can  be  calculated  by  solving  the  canonical  equa¬ 
tion  M!  —  M  :  -  H  :.  In  particular  the  linear  part  of  the 
map  is  a  solution  of 


In  spite  of  the  progress  made  in  understanding  the  effects 
of  magnet  fringe  fields  there  still  seems  to  be  some  con¬ 
fusion  about  the  way  the  aberrations  scale  with  the  fringe 
extension.  A  popular  belief  in  the  accelerator  physics  com¬ 
munity  is  that  the  fringe  extension  should  be  contained  as 
much  as  possible.  Although  there  may  be  some  good  reas¬ 
ons  for  that  belief,  limiting  the  strength  of  aberrations  is 
not  one  of  them.  A  source  for  this  misconception  may  have 
been  the  fact  that  the  intrinsic  aberrations  associated  with 
the  fringes  increase  as  the  length  of  a  magnet  decreases. 
That  is,  given  for  instance  two  quadrupoles  with  the  same 
focal  length  and  same  aperture,  the  aberrations  are  larger 
for  the  magnet  with  shorter  length.  Short  magnets  are  asso¬ 
ciated  with  relatively  more  extended  fringe  fields  and  this 
fact  may  have  generated  the  wrong  perception  that  the  more 
extended  the  fringes  are  the  higher  the  aberrations.  In  fact 
the  opposite  turns  out  to  be  true.  A  clarification  of  this  issue 
is  desirable  because  short-length,  large-aperture  magnets 
are  increasingly  being  used  in  a  number  of  applications.  In 
this  paper  we  calculate  and  compare  the  third  order  aber¬ 
rations  associated  with  the  fringes  of  quadrupole  magnets 
having  the  same  length  and  same  integrated  on-axis  gradi¬ 
ent  but  different  apertures  (and  therefore  different  exten¬ 
sion  of  the  fringes).  The  calculation  is  done  for  a  simpli¬ 
fied  ID  model  for  which  one  can  calculate  the  third  order 
aberrations  associated  with  the  fringes  analytically.  The 
approximated  analytical  formulas  are  compared  with  an  ex¬ 
act  numerical  computation  carried  out  using  MaryLie  [1]. 
We  find  that  the  aberrations  decrease  exponentially  with  the 
square  root  of  the  magnet  aperture. 

2  TRANSFER  MAP  COMPUTATION 


M'2  =  M2:  -Hi-..  (2) 


Here  H2  denotes  the  quadratic  part  of  the  Hamiltonain, 
which  we  assume  can  be  written  as  a  series  H  =  H2  + 

Hz  +  Hi  -\ - with  Hz  being  the  cubic  part,  H\  the  quartic 

part  etc.  .  It  can  be  shown  that  H2  contributes  to  M2  and 
all  the  H3  contributes  to  the  fn  with  n  =  3  and  higher 
and  so  on.  For  the  case  considered  in  this  paper  Hz  —  0, 
and  therefore  the  first  nonlinear  generator  is  f4.  It  can  be 
shown  [2]  that: 

h  =  -  r  M^zH4(z)dz,  (3) 

JZi 

where  with  M2^z  we  indicate  the  solution  of  (2)  from 
z  —  Zi  (some  point  before  the  magnet  entry)  to  zj  (some 
point  past  the  magnet  exit).  The  generator  f4  contributes 
to  the  third  and  higher  order  aberrations  that  appear  in  a 
Taylor  representation  of  the  transfer  map.  We  now  consider 
a  1-D  model  of  charged  particle  dynamics  in  a  quadrupole 
magnet  described  by  the  Hamiltonian: 


H  =  f  +  y k(z)  +  £  +  g k"(z )  +  ^k'(z).  (4) 


The  focusing  function  k(x)  equals  the  magnetic  rigidity 
times  the  on-axis  gradient:  k(x)  =  ( q/p°)G{z ).  Apart 
from  the  reduced  dimensionality  and  omission  of  chro¬ 
matic  terms  the  Hamiltonian  above  is  exact  through  4th  or¬ 
der.  By  indicating  with  my(z)  the  matrix  representation  of 
the  linear  part  of  the  map,  the  4th  order  Lie  generator  can 
be  written  as  f4  =  /feom  +  f%yn  where: 


1  fZf 

A  convenient  way  to  represent  the  dynamics  of  a  charged  /feom  =  —  -  /  {m2\x  +  m22px)4dz.  (5) 

particle  through  a  magnet  is  to  write  the  associated  transfer  8  Jz. 

map  in  the  Lie  form  [2]: 

and 

M  =  •••exp(:  f5  :) exp(:  /4  :)exp(:  /3  :)M2.  (1) 

*  Work  supported  by  the  U.S.  Department  of  Energy, 
t  venturin@physics.umd.edu  (6) 


ftyn  =  ~^M2x4  +  k,(z)M2pxx3 


dz. 
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Figure  1 :  Profiles  of  the  focusing  function  (9)  for  different 
values  of  the  aspect  ratio  7  =  l /R;  the  quadrupole  semi¬ 
length  is  l  =  .022  m.  The  integrals  of  the  various  curves 
are  the  same. 


Figure  2:  Approximation  of  the  focusing  function  with  a 
stepwise  function. 


where  R  and  l  are  the  magnet  aperture  and  semilength. 
A  focusing  function  of  the  form  (9)  is  typical  of  iron- 
free  quadrupole  magnets  like  those  used  in  the  Electron 
Ring  under  construction  at  the  University  of  Maryland 
[3].  Here  we  are  interested  in  comparing  quadrupole  mag¬ 
nets  that  have  the  same  length  21  but  different  aperture 
2 R.  The  function  (9)  is  defined  in  such  a  way  that  the 
2-integral  (and  therefore  the  magnet  focal  length  in  first 
approximation)  does  not  depend  on  the  quadrupole  aper¬ 
ture:  fk(z,R)dz  =  8gol/3.  Physically  this  is  achieved 
by  powering  the  magnets  in  a  way  dependent  on  their  aper¬ 
ture.  The  profiles  for  4  different  choices  of  the  apertures  are 
shown  in  Fig  1.  The  'aspect  ratio'  7  is  defined  as  the  ratio 
between  the  magnet  length  and  aperture:  7  =  l/R.  Notice 
that  7  — >  00  (i.e.  R  — >  0)  represents  the  hard  edge  limit. 
In  order  to  compute  the  integral  (8)  we  first  need  to  find  the 
linear  part  of  the  map.  We  do  the  calculation  in  an  approx¬ 
imated  manner  by  assuming  that  we  can  represent  k(z)  as  a 
stepwise  function,  (see  Fig.  2).  Two  parameters  need  to  be 
specified:  the  length  la  and  the  peak  value  kQ  of  k„tep(z). 
A  constraint  we  impose  is  that  the  integral  of  k(z )  equals 
that  of  katep(z).  Therefore  we  need  to  specify  either  k0  or 
ls,  for  any  given  value  of  the  aspect  ratio.  We  can  expect 
that  as  the  aspect  ratio  decreases  and  the  extension  of  the 
fringes  increases,  ls  should  become  larger  and  kQ  smaller. 
A  possible  choice  is  to  use  the  standard  definition  of  a  mag¬ 
net  effective  length  and  write:  k„  =  k(z  —  0,  R).  Instead 
we  use  a  slightly  modified  expression 

kQ  —  k  (z  =  0,  i?(l  +  77J"1))  (11) 


After  an  integration  by  parts,  use  of  Eq.  (2)  and  the  rela¬ 
tionship 


:  H2  :  x4  =  [ H2,x 4]  =  [i p2x  +  ^ k(z)x2,x 4] 
finally  yield 


ftyn  =  J2  J  k'(z)M2x3pxdz 
1  fZf 

=  —  y  k'(z)(mnx+mi2px)  {m2ix  +  m22Px)dz. 


(8) 


Because  /f eom  does  not  depend  on  the  quadrupole  fields, 
in  the  following  we  consider  f$yn  only.  Our  goal  is  now  to 
evaluate  the  integral  (8)  for  a  specific  choice  of  k(z). 


3  COMPUTING  THE  ABERRATIONS 

Consider  a  family  of  quadrupoles  with  focusing  function 


to  allow  for  the  presence  of  a  free  parameter  7j  to  be  de¬ 
termined  later.  The  length  ls  is  then  determined  by  requir¬ 
ing  that  lsk0  is  the  same  as  the  integrated  gradient.  With 
these  assumptions  the  elements  rriij  of  the  transfer  matrix 
from  2  =  —L  to  2  €  [— la,la]  are  mu  =  cosu>(2  4-  la), 
m 21  =  — wsinu)(z  +  la),  etc.,  with  o>  =  \/kl.  As  a 
further  approximation  we  assume  that  these  expressions 
for  the  elements  of  the  transfer  matrix  can  be  extended  to 
\z\  >  ls.  This  is  plausible  because  the  error  we  introduce 
in  this  way  is  small  as  fc(z)  decays  rapidly  for  \z\  >  la.  For 
the  same  reason  we  can  approximate  Zi  =  —  L  ~  -00  and 
Zf  =  L  ~  00  in  the  the  integral  (8).  The  Lie  generator 
for  the  third  order  aberrations  for  the  motion  in  the  x  plane 
consists  of  5  monomials: 


jdyn 


x‘fT  +  (12) 


+*p3,/£?+i tiT 


Let  us  focus  on  f^yn.  By  using  the  approximations  we  have 
indicated  above  we  have: 


and 


k(z,R)=g0[G(z  +  l)-G(z-l)], 


G(t)  =  l-  RH 


2(i?2+*2)f 


1  t(3R2  +  2 12) 
+  3  (fl2  +  t2)i  ’ 


_ 1  poo 

(9)  jdyn^  k'{z)[cosw(z  +  ls)]3[uJsmu;(z  +  la)\dz. 

^  J —00 

(13) 

n  ..  This  integral  can  be  expressed  in  terms  of  the  modified 
'  ’  Bessel  functions  K0  and  K\ .  Having  introduced  the  defin- 
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aperture  ratio 

Figure  3:  Lie  generator  f£T  (in  units  of  m~4)  as  a  function 
of  the  aperture  ratio  R/l  for  various  values  of  the  phase 
advance  $  (expressed  in  deg).  The  solid  lines  represent 
Eq.  (15),  the  dots  are  from  the  MaryLie  calculation. 


Figure  4:  Lie  generator  fXx  (in  units  of  m  3)  as  a  func¬ 
tion  of  the  aperture  ratio  R/l  for  various  values  of  the  phase 
advance  $  (expressed  in  deg).  The  solid  lines  represent 
Eq.  (15)  the  dots  are  from  the  MaryLie  calculation. 


ition  of  the  function  /(ft) 

/°°  —4 1 

k' (z)  s\n(Slz)dz  =  ——g0SlRsm(Sll)  x 

-oo  3 

{ [4  +  (SIR)2]  K\ (SIR)  +  2(SIR)K0(SIR)}  , 

(14) 

we  find 

fir  S  £§[/( 2w) cos$  +  ij(4w) cos 2$] ,  (15) 

where  $  =  2 ula  is  the  phase  advance  between  z  —  -l s 
and  z  =  ls.  In  a  similar  way  we  can  calculate 

fX.  -  -^[Bin#  +  2(L-i.Vcos»] 

_24  tsin2$  +  (L-  ls) w cos 2#], (16) 

as  well  as  the  remaining  coefficients  in  (12)  which  we  not 
report  here.  They  all  contain  terms  proportional  to  either 
I(2u>)  or  I(4uj).  From  the  expression  above  one  can  re¬ 
cover  the  aberrations  in  the  hard  edge  limit  R  — >  0  (with  l 
kept  fixed).  We  have 

fim /(ft)  =  — o;2sin(fti),  (17) 

and  hence  for  example: 

/xdr  =  -^[sin2$+isin4$].  (18) 

In  the  hard  edge  limit  the  quantities  io  and  $  appearing 
in  the  expressions  above  are  related  by  2wl  =  $  because 
ls  =  l.  In  the  hard  edge  limit  these  expressions  are  exact 
and  are  consistent  with  the  analytical  formulas  found  in  the 
literature.  The  limiting  form  in  the  infinitely  soft  limit  can 
also  be  written  using 

4/  Ftt 

lim  /(ft)  =  ——g0\  —sm(Sll)exp(—SlR)x 
R—>  oo  3  y  2 

[4 (ft/?)*  +  2 (ft/?)*  +  (ft/?)*]  (19) 


Notice  that  the  aberrations  decrease  exponentially  with 
SIR.  For  large  values  of  R  we  have  ui  oc  l/VR  and  there¬ 
fore  I(2uj)  oc  exp (-VR  x  const).  The  limiting  expres¬ 
sion  (19)  deviates  less  than  a  few  percents  from  the  exact 
expression  (14)  for  SIR  >  2.  The  Lie  generators  fir  an 
fXx  as  functions  of  the  magnet  aperture  ratio  (=  R/l,  i.e. 
the  inverse  of  the  aspect  ratio  7)  are  shown  in  Figs.  3  and 
4.  The  solid  lines  are  plots  of  the  analytical  formulas  for 
various  values  of  the  phase  advance  $  [corresponding  to 
various  choices  of  the  constant  g0  in  the  expression  (9)  for 
k(z)).  Comparison  is  made  with  an  exact  numerical  calcu¬ 
lation  of  the  transfer  map  carried  out  with  MaryLie  (dots). 
The  best  agreement  is  obtained  with  a  value  71  =  1/1.17 
for  the  free  paramerer  71.  Notice  how  the  qualitative  de¬ 
pendence  of  the  generators  on  the  aperture  ratio  is  well  de¬ 
scribed  by  the  analytical  formulas. 

4  CONCLUSION 

The  conclusion  of  this  paper  is  that  for  the  kind  of  quad- 
rupole  magnets  considered  here  less  extended  fringes  carry 
larger  aberrations.  The  integral  (6)  defining  the  strength  of 
the  aberrations  depends  on  two  opposing  factors:  the  size 
of  the  fringe  field  region  (i.e.  the  interval  in  z  in  which  the 
integral  is  non  vanishing)  and  the  derivatives  of  the  focus¬ 
ing  function.  As  a  quadrupole  magnet  aperture  decreases 
the  fringe  extension  decreases  but  the  derivative  of  the  fo¬ 
cusing  function  increases,  and  between  the  two  the  latter 
prevails. 
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Abstract 

In  many  cases  the  most  accurate  information  about  fields 
in  a  magnet  comes  either  from  direct  measurement  (using 
for  example  spinning  coils)  or  from  a  numerical  computa¬ 
tion  done  with  a  3D  electromagnetic  code.  In  this  paper  we 
show  how  this  information  can  be  used  to  compute  transfer 
maps  with  high  accuracy.  The  resulting  transfer  maps  take 
into  account  all  effects  of  real  beamline  elements  includ¬ 
ing  fringe-field  and  multipole  error  effects.  The  method  we 
employ  automatically  incorporates  the  smoothing  proper¬ 
ties  of  the  Laplace  Green  function.  Consequently,  it  is  ro¬ 
bust  against  both  measurement  and  electromagnetic  code 
errors.  The  method  has  been  implemented  in  the  code 
MaryLie  as  a  pair  of  user-defined  routines. 

1  INTRODUCTION 

The  motion  of  charged  particles  through  any  beam-line  ele¬ 
ment  is  described  by  the  transfer  map  M  for  that  element. 
Through  aberrations  of  order  (n  -  1)  such  a  map  has  the 
Lie  representation  [1,2] 

M  =  n2  exp(:  f3  :)  exp(:  /4  :)  •  •  •  exp(:  /„  :).  (1) 

The  linear  map  TZ2  and  the  Lie  generators  fe  are  determ¬ 
ined  by  the  equation  of  motion  M  =  M.  :  —H  :  where 

H  =  H2  +  H3  4-  H\  H - is  the  Hamiltonian  expressed  in 

terms  of  deviation  variables  and  expanded  in  a  homogen¬ 
eous  polynomial  series.  The  deviation  variable  Hamilto¬ 
nian  j Ft  is  determined  in  turn  by  the  Hamiltonian  K.  In 
Cartesian  coordinates  with  z  taken  as  the  independent  vari¬ 
able,  and  in  the  absence  of  electric  fields,  K  is  given  by  the 
relation 

K--  \p\f<?-rr?(?  -  {px-qAx)2~  {py -qAy)2] 1/2  -  q  Az 

Here  A  is  the  magnetic  vector  potential.  We  therefore  need 
a  Taylor  expansion  for  the  vector  potential  components  Ax , 
Ay,  Az  in  the  deviation  variables  x  and  y.  How  can  the 
coefficients  of  the  Taylor  expansion  for  the  vector  poten¬ 
tial  be  determined  from  a  knowledge  of  the  magnetic  field? 
In  this  paper  we  review  the  method  we  proposed  in  [3], 
The  method  uses  information  about  the  fields  coming  from 
either  direct  measurement  or  numerical  computation  done 
with  a  3D  electromagnetic  code.  It  is  based  on  the  cal¬ 
culation  of  Fourier  integrals  with  suitable  kernels  derived 
from  the  Green  function  of  the  Laplace  equation.  Our  ap¬ 
proach  is  different  from  and  more  accurate  than  other  meth¬ 
ods  based  on  numerical  differentiation  (e.g.  [4]).  A  pleas¬ 
ant  feature  is  relative  insensitivity  to  the  presence  of  noise 
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in  the  magnetic  field  data,  which  makes  the  method  capable 
of  providing  accurate  computations  of  high  order  terms  in 
the  desired  Taylor  expansion.  An  additional  advantage  is 
that  it  applies,  with  minor  modifications,  to  both  magnet 
data  obtained  by  numerical  computation  and  measured  data 
found  with  spinning  coils  (see  [3]  for  more  details). 

2  DETERMINATION  OF  THE  VECTOR 
POTENTIAL 

In  a  current-free  region  the  magnetic  field  B  can  be  de¬ 
scribed  most  simply  in  terms  of  a  scalar  potential  ip  (with 
B  =  Vip)  obeying  the  Laplace  equation  V2ip  =  0.  In 
cylindrical  coordinates  the  general  solution  to  this  equation 
(that  is  regular  for  small  p)  has  the  expansion 

ip  =  ^2  /  dketkzIm  ( kp )  [6m  sin  mcp  +  am  cos  m<p) , 

m= 0  4-oo 

„  -  <2> 

where  the  functions  arn  =  am(k)  and  bm  =  bm(k)  are 
arbitrary,  and  Im  is  the  modified  Bessel  function.  This  is 
a  “cylindrical  multipole”  expansion,  where  m  is  related  to 
the  order  of  the  multipole,  and  should  not  be  confused  with 
a  spherical  multipole  expansion.  The  first  term  on  the  RHS 
of  (2)  describes  a  purely  solenoidal  field  (m  =  0).  The 
other  terms  in  the  series  correspond  to  the  dipole  (m  =  1), 
quadrupole  (m  =  2),  •  •  •  components.  For  simplicity  we 
will  treat  the  terms  with  m  >  2.  The  solenoidal  term 
requires  a  separate,  but  analogous,  treatment  that  entails 
no  new  complications.  The  dipole  case  is  more  complic¬ 
ated.  In  the  sometimes  restrictive  case  that  the  sagitta  of 
the  design  orbit  does  not  exceed  the  radius  R  introduced  in 
Sec.  3,  the  methods  of  this  paper  also  apply.  However  other 
methods  are  required  if  the  sagitta  is  larger.  If  ip  is  given 
in  the  form  (2),  a  suitable  corresponding  vector  potential  is 
easily  found.  Since  there  is  gauge  freedom,  a  possible  cov- 
enient  choice,  in  the  absence  of  a  solenoidal  component,  is 
to  work  in  a  gauge  satisfying  A<f,  =  0.  Suppose  ip  as  given 
by  (2)  is  rewritten  in  the  form 

OO 

^  ^ m  >  s(p,  z)  sinm(p  +  ipmiC(p,  z)  cos m<p  (3) 

m— 1 

with 

ipm,,{p,z)=  f  dkelkzIm  (kp)bm(k).  (4) 

[ipm,c  has  the  same  form,  with  am(k)  replacing  bm(k).] 
Then  it  is  easily  verified  that  the  remaining  components  of 
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the  vector  potential  are  given  by  the  relations 


-  £ 
m=l 
oo 

-  £- 
m=  1 


cos (md>)  d  ,  sin (md>)  d  . 

- P~K~1pm,s - 1 - LPx-1>m,c 

maz  maz 


cosirrub)  d  ,  sin (m<t>)  d  . 

- P^-1pm,s  H - pT~Wm,c- 

m  op  mop 


From  the  two  equations  above  it  is  clear  that  finding 
Taylor  expansions  for  the  vector  potential  components  Ax, 
Ay,  and  Az  (what  we  need)  is  equivalent  to  finding  Taylor 
expansions  for  ipmtS  and  i/’m.c  in  the  variable  p.  This  is  eas¬ 
ily  done  by  a  two-step  process:  first,  we  expand  the  mod¬ 
ified  Bessel  functions  Im(kp)  appearing  in  (4)  as  Taylor 
series  in  the  quantity  (kp).  Doing  so  produces  an  expan¬ 
sion  in  powers  of  p  with  coefficients  that  involve  integra¬ 
tions  over  various  powers  of  k.  Second,  we  observe  that 
the  powers  of  k  can  be  replaced  by  multiple  differentiation 
with  respect  to  the  variable  z.  The  net  results  of  these  two 
steps  are  the  relations  (a  =  c,  s ) 


rpmAp,  z)  =  'p  22^(l  +  m)!C™’“(z)p2£+m-  (5) 

The  index  [2f]  indicates  the  2E  derivative  with  respect  to 
the  longitudinal  variable  The  functions  Cm,a(z)  are  the 
generalized  on-axis  gradients.  Note  that  the  generalized 
gradients  depend  on  the  longitudinal  variable  z.  For  fields 
produced  by  long  well-made  magnets,  however,  the  z  de¬ 
pendence  will  be  significant  only  at  the  ends.  We  conclude 
that  the  dynamics  of  a  charged  particle  passing  through 
a  region  of  space  occupied  by  a  magnetic  field  described 
by  the  scalar  potential  (2)  is  completely  determined  by  a 
knowledge  of  the  generalized  on-axis  gradient  functions 
Cm\a{z)  and  their  derivatives. 


3  COMPUTATION  OF  GENERALIZED 
GRADIENTS  FROM  FIELD  DATA 

Suppose  the  radial  component  of  the  magnetic  field  Bp 
is  known,  either  by  measurement  or  computation,  on 
the  surface  of  some  infinitely  long  cylinder  of  radius  R. 
Moreover,  suppose  that  the  field  is  given  in  terms  of  an  an¬ 
gular  Fourier  series, 


OO 

Bm(R,  z)  sin (m<f>)  -1-  Am{R,  z)  cos (6) 

m—1 


It  can  be  shown  [3]  that  the  generalized  on-axis  gradients 
appearing  in  the  expansion  coefficients  for  the  scalar  po¬ 
tential  (8)  can  be  written  as 


_ i_  r  dke** 


I'mikR) 


k). 

(7) 


The  expression  for  Cm}c(z)  has  Am{R,k)  replacing 
Bm(R,  k).  Here  Bm(R,  k)  and  Am(R,  k)  are  the  Fourier 


transforms  of  Bm(R,  z)  and  Am(R,  z),  e.g., 

1  r°° 

Bm(R,  k)  =  /  dze~ikz Bm(R,  z).  (8) 

V27T  J — oo 

In  the  case  where  the  magnetic  field  is  produced  by  an 
iron  dominated  magnet,  and  is  therefore  localized  in  space, 
the  integrals  (8)  can  be  considered  to  have,  in  practice,  fi¬ 
nite  limits  of  integration.  With  some  care,  an  effective  cut¬ 
off  can  also  be  found  even  if  the  fields  extend  to  infinity 
since  they  fall  off  sufficiently  rapidly  at  infinity.  Also,  since 
the  generalized  Bessel  function  I'm{ w)  increases  exponen¬ 
tially  for  large  |u>|,  there  is  also,  in  effect,  a  cut-off  in  k  for 
the  integral  (7)  defining  the  generalized  gradients. 

4  TESTS  AND  EXAMPLES 

The  method  described  in  Section  3  has  been  implemented 
in  the  code  MaryLie  [2]  as  a  pair  of  user-defined  routines. 
Versions  of  the  two  routines  exist  for  both  MaryLie 
3.0,  which  has  recently  been  released  [5]  and  MaryLie 
5.0,  which  is  still  under  developement.  The  first  routine, 
Susrl5' ,  reads  the  magnetic  field  data  from  an  external  file 
and  computes  the  functions  Am(R,  z)  and  Bm(R,  z).  The 
second  routine,  vusrl6',  uses  the  output  of  vusrl5'  to  cal¬ 
culate  the  corresponding  tranfer  map.  In  the  input  file  one 
has  to  provide  a  listing  of  the  Bx  and  By  components  of 
the  magnetic  field  together  with  the  coordinates  (x,  y,  z)  of 
the  points  on  the  cylindrical  surface  of  radius  R  on  which 
the  field  is  defined.  For  a  fixed  z,  there  are  equally  dis¬ 
tributed  points  along  a  circumference  of  radius  R  centered 
in  z  and  there  are  nz  such  slices.  A  user-defined  routine  in 
MaryLie  is  invoked  in  the  master  input  file  like  any  other 
MaryLie  command,  together  with  the  required  paramet¬ 
ers.  For  example,  for  'usrl5'  there  are  two  sets  of  para¬ 
meters  one  needs  to  specify.  The  first  set  consists  of  the 
file  number  containing  the  magnetic  field  data,  the  num¬ 
bers  n$  and  nz,  a  scaling  factor  for  the  z  coordinate  and 
the  magnetic  field  and  the  radius  R.  The  second  parameter 
set  contains  the  numbers  of  files  in  which  to  write  the  nor¬ 
mal  and  skew  harmonics,  and  the  values  of  the  integrated 
harmonics  respectively.  An  excerpt  of  a  MaryLie  master 
input  file  containing  a  setting  for  'usrl5'  is  shown  below: 

#menu 

hrrtmcs  usrl5 

1  501  101  0.001  1  0.03 

hrmpsl  psl 

40  42  12  0  0  0 

#lines 
harm 

l*hrmpsl  l*hrmncs 

In  order  to  test  both  the  routines  and  the  method  we 
treated  the  case  of  an  ideal  iron-free  Lambertson  quadru¬ 
ple.  The  use  of  this  case  as  an  example  has  the  virtue  that 
the  various  CmJ0(z)  can  also  be  determined  analytically 
(see  [3])  given  a  knowldge  of  the  location  of  the  conduct¬ 
ors.  Results  are  shown  in  Figs.  1  and  2.  In  Fig.  1  the  dashed 
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Figure  1:  Plot  of  the  scaled  harmonic  (R,  z)/R  (dashed 
line)  and  the  on-axis  gradient  2C|°[ (z)  as  calculated  from 
surface  data  (dots)  and  analytically  (solid  line)  for  an  ideal 
Lambertson  quadrupole. 

line  is  the  function  B2(R,  z)/R  as  calculated  numerically 
by  using  the  Biot-Savart  law.  The  solid  line  represents  the 
on-axis  gradient,  which  is  equal  to  2C|°|j(z),  as  calculated 
analytically,  while  the  dots  represent  the  same  function  as 
calculated  from  the  surface  data.  The  deviation  between 
B‘i{R,  z)/R  and  2C^\(z)  is  due  to  terms  in  the  multipole 

expansion  containing  derivatives  of  2C^s(z).  These  terms 
are  the  so  called  pseudo-multipoles.  This  can  be  seen  by 
writing  the  multipole  expansion  for  Bp  through  6th  order 
in  p: 

Bp  =  (scgp  -  icgp3  +  sin2<£ 

+  6Ci°ip5  sin  G(p.  (9) 

In  Fig.  2,  as  an  indication  of  the  reliability  of  the  method, 
we  report  the  8th  derivative  of  the  generalized  gradient 
(needed  for  a  9th  order  code)  calculated  from  the  surface 
data  (dots)  compared  to  the  anlytical  profile  (solid  line). 


Figure  2:  Function  C^3  (z)  (in  units  of  10~5  Gauss/cm9)  as 
calculated  from  surface  data  (dots)  and  analytically  (solid 
line)  for  an  ideal  Lambertson  quadrupole. 

Finally  as  an  example  of  application,  Figs.  3  and  4  show 
the  result  of  magnetic  field  analysis  for  the  Return  end  of  a 


Figure  3:  Harmonic  B2(R,z)  (quadrupole  field  compon¬ 
ent)  for  the  Return  End;  R=3  cm. 


Figure  4:  Generalized  gradient  C2,s(z)  for  the  Return  End, 

(z  =  25  cm  in  this  picture  corresponds  to  z  =  0  of  Figs.  3). 

High  Gradient  quadrupole  in  LHC  [6], 
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Abstract 

This  paper  presents  DC  clearing  field  to  clear  ions  in 
vacuum  pipe  of  Hefei  ring.  It  also  presents  changes  of 
focusing  structure  parameters  caused  by  the  clearing  field. 
It  concludes  that  tune  shifts  caused  by  the  field  are  related 
to  real-time  close  orbit  of  the  beam.  The  paper  points  out 
that  the  field  asymmetrically  distributed  along  the  ring 
destroys  the  symmetry  of  focusing  structure  and  decreases 
the  ring  acceptance,  which  has  negative  effect  to  injection 
and  accumulation  process  in  certain  condition. 

1  INTRODUCTION 

Some  clearing  field  patterns  to  suppress  instability  are 
reported  by  the  papers1"1.  One  of  them  is  produced  by  DC- 
clearing  electrode  in  circular  tube,  its  function  was 
described5  8,  but  the  potential  reported  in  paper  9  and  10 
isn’t  analytic  in  two-dimension  boundary  problem.  The 
force  and  potential  functions  presented  in  this  paper  are 
analytic;  the  data  are  taken  from  Hefei  ring.  There  are 
thirteen  electrodes  in  the  tubes  installed  asymmetrically 
along  the  ring,  their  length  is  17.9  meters  that  is  1.86 
times  the  length  of  all  quadrupole  magnets.  They  have 
played  an  important  role  in  clearing  ion,  suppressing  ion 
instability  and  storing  beam  since  19  895"8,11,12.  These 
electrodes  destroy  the  lattice  symmetry,  research  on  linear 
influence  of  the  field  to  betatron  tunes  of  beam  was 
presented1"*’9.  This  paper  only  discusses  the  influence  of 
the  dipole  and  quadrupole  of  DC  clearing  field  on  beam: 
Twiss  parameters13,  ring  acceptance  and  multi  turn 
injection. 

2  ANALYTIC  EXPRESSIONS 

Analyze  the  DC  field  in  unaxial  bicylindrical  surface¬ 
boundary,  the  analytic  expressions  of  potential  and  field 
caused  by  inner  wire  in  circular  pipe11  can  be  get, 

_ Y*. _ J  R^  +  (ziaf]  la) 


n  'Z)  In (ar/RS)  [a^+{z  +  b)f 

,  ,  |V  +  z!  +  z(i  +  a)+R2l(x>0)  (lb) 

=  -H^W5)  arC,{ - 1ft- a)  ~  J 


ttV 


(x<0)  (lc) 


r2  +  “  r2  +  tJ{r2  +  «o  -  r*)  -  4alRl 

Here,  the  coordinate  origin  is  on  pipe  axis.  X  is  radial 
coordinate  (horizontal  on  the  cross  section),  z  is  vertical. 
R  is  inner  radius  of  the  pipe,  and  r  is  radius  of  the  wire. 
a0  is  the  distance  from  the  wire  to  the  pipe  axis,  and 
Vdce  is  DC  clearing  voltage.  The  unit  of  Vdce  is  DC 
clearing  voltage  and  other  units  are  meter.  The  two- 
dimension  schematic  diagrams  of  the  clearing  field  are 
shown  in  Fig.l  for  an  example.  The  figure  presents 
equipotential  lines  and  field  lines. 


■■  ■■  Vacu  - electr 

-0.04  -0.02  0.00  0.02  0.04 


-0.04  -0.02  0.00  0.02  0.04 


<iM  <ce  oro  as  oa 


a  =  ag  +  S  , 


Fig.l  Schematic  diagram  of  equipotential  lines 
and  field  lines  of  the  DC  clearing  field 

3  TUNE  SHIFTS  NEAR  AXIS  OF  PIPE 

There  is  focusing  effect  due  to  quadrupole  of  the  field11. 

3.1  Linear  formulation 

The  focusing  effect  of  the  field  quadruples  is 

K,  -  *,(0.0)  -  -*,(0.0)  ■  (2) 

in  first-order  approximation.  The  unit  of  KE  is  m'2,  Ec  is 
eV  and  e  is  an  electronic  charge.  So  the  quardupole  of 
field  is  focusing  (defocusing)  on  beam  in  vertical 
(horizontal),  and  second-order  differential  equations  are 

(*.  -*.)*-»•  <*> 

(3b) 

Here,  the  unit  of  kq  ,  focusing  strength  of  quadrupole 
magnets,  is  m'2.  The  KE  is  always  less  than  KQ  .  Thus, 
the  tune  shifts  of  beam  are 
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e(b2-a2)\  Px(s)ds  ,  (4a) 

A  V  =  _ — — _ V 

x  (  nr\  dce 

e(b2-a2)\  pz(s)ds  .  (4b) 

A  v  = _ ic> _ V 

z  (  ar  \  V<lce 

Lda  implies  that  integrates  in  the  clearing  field  sections. 
It’s  obvious  that  tunes  are  linear  relevance  to  voltage.  The 
coefficients  rely  only  upon  the  lattice  mode  and  the 
electrode  structure,  and  their  sign  reverse  in  different 
direction.  The  relevance  is  illustrated  in  fig.2  and  fig.3 
(circle  dot  is  calculated,  square  dot  is  measured).  The 
horizontal  coordinates  show  applied  voltage  and  the 
vertical  show  tune.  Here,  the  straight  line  segments  being 


Fig.2  Schematic  change  Fig.3  Schematic  change 
of  tune  in  hori.  Direction  of  tune  in  verti.  Direction 


approximately  beeline  is  based  on  the  (4),  and  another 
line  segments  is  based  on  measured  data.  We  have  three 
conclusions  from  the  figures.  First,  there  is  defocusing  in 
vertical  and  focusing  in  horizontal  based  on  the  (4)  or  the 
measured  data.  Second,  the  tune  shifts  always  increase  as 
the  voltage  rises  based  on  numerical  calculation  or  the 
measured  data.  Third,  relevance  between  the  tune  shifts 
and  voltage  is  nonlinear  based  on  measured  data,  which 
are  different  from  the  (4). 


3.2  Nonlinear  formulation 


Fig.2  and  3  show  that  tune  shift  is  larger  in  vertical  than 
in  horizontal  at  the  same  DC  voltage.  In  linear 
formulation,  the  effect  of  the  quadrupoles  of  field  on  the 
beam  is  calculated  along  the  pipe  axis.  Neglect  higher 
order  quantities  such  as  (x la)2,  ( x/b )2,  (z/a)2  and 
(z/b)2  in  the  denominators,  we  can  derive  second-order 


nonlinear  differential  equations, 


ds 


f 

kq-ke  1  - : 

V 


j 2  +  ab  +  b2 
R2  (a  +b ) 


x  =  0 


(5a) 


IF- 


eVdcAb  ~  «) 
ECR 2  In (ar/RS) 


(5b) 


3.3  Relevance  on  close  orbit 

The  right  of  (5b)  is  an  analogue  of  close  orbit 
displacement.  There  is  always  a  vertical  dipole  of  the  field 
on  the  vertical  symmetry  plane11,12,  so  the  stored  beam 
leave  from  the  central  orbit,  that  is  why  the  real  focusing 
strength  is  smaller  than  KE  based  on  (4).  The 

displacement  between  close  orbits  is  shown  in  fig.4, 
which  is  respectively  with  or  without  DC-septum 
magnetic  field  (electrons  energy  is  200MeV  or  800MeV), 


the  DC  voltage  is  -lkV,  the  baseline  (square  dot)  is  the 
beam  close  orbit  (energy  of  800MeV)  without  DC-septum 
magnetic  field.  The  horizontal  axes  denote  the 
longitudinal  coordinate  of  the  ring.  The  difference  among 
the  real  orbits  can  be  observed  obviously  in  the  fig.4. 

B.  Autin  defined  tune  is  the  mean  value  of  betatron 
oscillations  per  turn  over  a  great  number  of  turns14.  The 
differential  equation  (5b)  contains  the  correction  term 
related  to  close  orbit,  the  correction  term  sign  indicates 
vertical  orientation  of  close  orbit.  Thus,  we  may  calculate 
accurately  tune  shift  so  long  as  we  know  close  orbit  along 
ring.  But,  it’s  only  a  rough  calculation  if  without  enough 
accuracy  of  monitor  system. 


Fig.4  The  relative  displacement  measured 
The  tune  shifts  change  obviously  as  close  orbit  moves 
based  on  the  nonlinear  formulation.  The  vacuum  chamber 
of  Hefei  ring  was  opened  at  the  first  of  1997.  When  it  was 
closed,  the  injection  working  point  changed  and  the 
accumulation  capability  was  bad  when  a  couple  of 
electrodes  didn’t  operate,  the  machine  runs  well  after  all 
electrodes  operated  again.. 

4  CORRECTION  OF  RING  LATTICE 

Fig.5  shows  the  fitting  curves  of  [3  and  1J  functions  of 
the  GPLS  mode  without  clearing  field,  the  starts  of  curves 
are  the  midpoint  of  fourth  long  linear  section. 

4.1  asymmetric  distribution 
Regarding  whole  ring  as  one  period,  by  the  help  of 
MULIN  code  (developed  in  the  NSRL),  the  (3  and  TJ 
functions  of  the  GPLS  mode  with  DC-clearing  field  can 
be  calculated,  the  DC  voltage  is  -1.0  kV ,  and  other 
parameters  are  the  same  as  those  without  clearing  field. 
There  are  three  cases:  first,  all  of  thirteen  electrodes 
operate;  next,  two  of  them  turn  off;  last;  fifteen  electrodes 
operate  after  Phase  two  project  will  been  completed. 
These  f3  and  TJ  functions  are  shown  in  the  fig.6,  7  and  8. 
Obviously,  the  symmetry  of  GPLS  mode  is  distorted  and 
(3  and  TJ  functions  become  asymmetry  along  the  ring  as 
the  electrodes  operate  in  the  fig.6  and  7.  If  fifteen 
electrodes  are  in  operation,  the  symmetry  of  GPLS  mode 
will  approach  those  without  clearing  electrode. 
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6,  with  1 1  electrodes. 


7,  with  13  electrodes.  8,  with  15  electrodes. 
Fig.5-8  Twiss  parameter  curves  along  the  ring 


4.2  Ring  acceptance 

The  Px  distribution  in  each  long  linear  section  is  same 
without  the  electrode.  When  electrodes  work,  the  px  in 
the  fourth  long  linear  section  decreases  while  increases  in 
the  second  long  linear  section,  see  Fig.6  and  7.  The  px  in 
the  second  section  midpoint  is  larger  than  that  of  the  first 
one,  their  ratios  are  1.31  in  Fig.6  and  1.37  in  Fig. 7,  that 
means  the  amplitude  of  betatron  oscillation  increases 
respectively  15%  and  17%,  in  other  words,  the  ring 
acceptances  decrease.  Simply,  neglect  energy  spread  and 
consider  the  dynamic  aperture  is  large  enough,  study  the 
influence  of  clearing  field  on  ring  acceptance.  Without 
electrode,  the  injection  bottleneck  of  GPLS  mode  is  the 
restrict  of  the  strip  of  pulse  septum  near  injection  point, 
the  acceptance  81  nm  •  rad  .  The  bottleneck  maybe  in  the 
second  long  section  when  electrods  work,  the  acceptance 
is  66  nm  ■  rad  ,  that  means  the  acceptance  will  decrease 
19%  if  DC  electrodes  in  operation  asymmetrically. 

It  will  increases  commissioning  complicacy  if  the 
vacuum  chamber  aperture  in  second  straight  section 
decreases.  The  horizontal  half  width  of  the  chamber  is  40 
mm  after  superconducting  wiggler  was  installed.  The  ring 
acceptance  decreases  30%,  down  to  51nm-rad  when 
the  electrodes  work.  If  15  electrodes  are  in  operation,  The 
acceptance  of  the  GPLS  is  75  nm  •  rad  ,  only  decrease 
7%,  the  limit  of  ring  acceptance  is  the  effective  horizontal 
half  width  near  the  septum  strip,  and  the  acceptance  will 
restore  to  79  nm  •  rad  if  the  chamber  width  remains  its 
size. 

Deduce  from  this,  the  double  symmetry  of  HBLS  mode 
is  aloso  destroied  when  the  electrodes  work.  So  the  beam 
envelop  becomes  larger  where  p  function  increases, 
abnormally,  the  electrons  lose  easily  and  the  accumulation 
becomes  s  difficult ,  that’s  why  the  commissioning  of  the 
HBLS  mode  is  so  difficult  now.  The  symmetry  of  the 
HBLS  mode  will  be  recovered  and  beam  accumulation 
will  be  improved  after  fifteen  DC  clearing  electrodes 
work. 


5  CONCLUSION 

Three  conclusions  can  be  drawn.  First,  the  clearing 
electrodes  can  cause  tune  shifts.  Second,  the  relativity 
between  tune  shifts  and  DC  voltage  is  linear  and  can  be 
calculated  if  no  perturbation  of  closed  orbit.  Tune  shifts 
will  be  affected  by  real-time  closed  orbit  if  the  orbit  is 
distorted,  and  can  be  calculated  only  based  on  nonlinear 
the  asymmetrically  distributed  electrodes  can  destroy  the 
periodic  symmetry  of  Twiss  parameters  and  decrease  ring 
acceptance,  which  will  do  some  bad  effect  on  injection.  If 
these  electrodes  are  distributed  symmetrically,  these  bad 
effects  will  decrease.  Therefor,  clearing  electrodes  should 
be  installed  symmetrically  as  possible. 
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Abstract 


By  means  of  a  general  theory  we  examine  the  Sands  and 
Rees  method  of  measurement  of  the  longitudinal  coupling 
impedance  between  a  particle  beam  and  the  vacuum 
chamber  components.  We  discuss  the  validity  limits  of 
the  method  in  relation  to  the  presence  of  the  central  wire 
which  simulates  the  beam. 

1  INTRODUCTION 

The  longitudinal  coupling  impedance  (LCI)  of  an 
ultrarelativistic  point  charge  q,  travelling  on  a  beam  pipe 
axis,  is  defined  as: 

Z(m)  =  --7°  Esz(r  =  0,z-,(o)ejk°Zdz  (1) 

91  — oo 

where  Es  is  the  Fourier  transform  of  the  longitudinal 
electric  field  on  the  pipe  axis  and  k0  =  co/c.  The  impedance 
is  often  measured  by  means  of  the  transmission  Scattering 
(S)  parameter  of  the  device.  This  method  has  been 
proposed  in  70's  on  the  ground  of  intuitive  considerations. 
The  basic  idea  is  that  the  relativistic  beam  fields  in  the 
vacuum  chamber  can  be  simulated  by  means  of  a  TEM 
wave  propagating  thanks  to  the  presence  of  a  central  wire 
[1,2,3].  Several  formulae  have  been  proposed  to  express 
the  LCI  as  function  of  the  transmission  S-parameter.  The 
first  in  order  of  time  is  the  so  called  relation  of  Sands  and 
Rees  suggested  for  the  estimate  of  Z(w)  when  the  wire 
radius  is  very  small  [4]: 

(  qREF  -DUT  A 

Z(w)  =  2Rq  24  RJ'X  (2) 

l  “2,1  ) 

S2dF  is  the  transmission  parameter  of  the  component 
under  test,  s£fF  the  parameter  of  a  portion  of  unperturbed 
coaxial  line  of  the  same  length  and  is  the  characteristic 
impedance  of  the  transmission  line. 

An  improved  relation  valid  for  a  single  lumped 
impedance  has  been  provided  by  Hahn  and  Pedersen  [5] 
where  S^fF  at  the  denominator  of  (2)  has  been  replaced 
by  Sy77-  Other  expressions  have  been  proposed  for 
distributed  impedances  [6,7]  for  which  the  Hahn  and 
Pedersen  formula  breaks  down. 

Aim  of  this  paper  is  to  give  a  more  rigorous  proof  of  the 
relation  (2)  when  the  wire  radius  approaches  zero.  All  the 
results  have  been  obtained  using  only  the  Schelkunoff  s 
Field  Equivalence  Principle  and  the  Lorentz  Reciprocity 
Theorem. 


2  LONGITUDINAL  COUPLING 
IMPEDANCE  BELOW  CUTOFF 

A  point  charge  q  moving,  with  velocity  v  =  ±ciz ,  along  z 
axis  of  a  conducting  beam  pipe  of  radius  b  has  a  current 
density  spectrum  given  by: 

J±(?,z;CO)  =  ±q^eTJk«ziz  (3) 

iTtr 

and  produces  electromagnetic  fields  £*  and  H*  on  the 
pipe  walls  given  by: 

E^r  =  b,(p,z-,co)  =  Z0^-eTjk^ir  (4) 

l7tO 

H^r  =  b,<p,z\(0)  =  ±^e^i9  (5) 

where  Z0  is  the  characteristic  impedance  of  the  vacuum. 
Let  the  beam  pipe  have  an  aperture  SA  on  the  conducting 
wall  which  in  general  can  couple  to  an  external  structure. 
By  using  the  Schelkunoff  s  Field  Equivalence  Principle, 
we  may  consider  a  system  of  equivalent  magnetic  currents 
on  the  aperture  surface  SA .  The  electromagnetic  fields 
into  the  waveguide  can  be  written  as: 

E=E+  +  ES  H  =  Hj  +  Hs  (6) 

where  Es  and  Hs  are  the  fields  scattered  by  the  aperture, 
i.e.,  the  fields  radiated  by  the  surface  currents  Jm  inside 
the  pipe. 

In  order  to  calculate  the  LCI  as  function  of  the  magnetic 
currents  [8,9]  we  can  apply  the  Lorentz  Reciprocity 
Theorem  relating  the  fields  E~,H~  to  the  fields  ES,HS  of 
the  unperturbed  structure.  Below  the  cutoff  frequency,  for 
an  infinite  pipe,  we  get  [10] : 

+oo 

--  jEsz(r  =  0,z)ejk^zdz  =  -^j\H-  JmsdS  (7) 

q  SA 

which  recalling  the  definition  (1)  becomes: 

<8) 

$4 
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3  BEAM  SIMULATED  BY  A  WIRE  "  A 

I  i  V,  I  \ 

We  assume,  now,  that  in  the  same  pipe  a  perfectly 
conducting  wire  of  radius  a  is  streched  along  the  z  axis. 

The  beam  pipe  so  modified  becomes  a  transmission  line. 

In  this  new  configuration,  we  consider  a  generator  which 
excites  a  TEM  wave  E'q+,H'q+  reproducing  the  field  Eq,H* 

of  the  charge  in  the  unperturbed  waveguide.  We  have,  ^  ^  , 

then:  \J_ _ \j 

£'+  =S^0_e~Jk0zj  1  r~-ik°zj  ('Q'l 

q  2m-  r  q  2 nr  ^  Figure  1 :  Geometry  of  the  structure. 


Calling,  now,  E’A  the  electric  field  on  the  aperture  and 
the  equivalent  magnetic  surface  currents,  we  have  that: 

J'ms  =  X  E'a  GO) 

The  electromagnetic  field  inside  the  coaxial  line  can  be 
expressed  by  the  relations: 


Regarding  the  coaxial  structure  as  a  two-port  network,  it 
is  possible  to  express  the  right-hand  side  of  the  equation 
(16)  by  means  of  the  circuital  parameters  of  such  device. 
In  fact,  if  the  output  line  is  terminated  in  a  matched  load 
and  on  the  input  side  we  put  a  generator,  matched  to  the 
line,  such  as  to  produce  the  incident  wave  provided  by  (9), 
the  transmission  parameter  of  the  S-matrix  is  given  by: 


E'  =  E'g+  +  E's  H'  =  H'g+  +  H's  (11) 

where  E’  and  H'  are  the  fields  scattered  by  the  aperture. 

Below  the  cutoff  frequency  of  the  coaxial  line  mode 
TE\  i,  the  fields  E'  and  H'  at  a  sufficient  distance  from 

the  aperture  can  be  represented  by  means  of  the  TEM 
components  only: 

^*=±1^%,  (12) 

r  Z0r  v 

In  order  to  calculate  the  coefficients  a+  and  a~  we  apply 
the  Lorentz  Reciprocity  Theorem  to  the  volume  V, 
(fig.l),  getting: 


a*  =+- 


e±jkoZdS 


4n61n 


dvt  =  Vfl  _{qZ°l2tC  +  a+)  -JM  =f1+  «+  l- A 
qZ0e~ik«z' /in  t  *Zo/2*J 


where  l  =  z'2-z{. 

For  a  portion  of  unperturbed  coaxial  line  of  length  /,  we 
have: 

S?fF  =  e~W  (17) 

Then,  using  (16)  and  (18),  we  obtain: 


n  rREF  _____  nDUT 

Z{(0i)  =  -2  - - =  2Rq  ~r± 

qZ0/2n 


We  observe  that  the  TEM  components  of  the  fields 
scattered  by  the  aperture  vanish  as  the  wire  radius  a  tends 
to  zero.  Furthermore  the  eigenfunctions  of  the  coaxial  line 
approach  the  cylindrical  waveguide  modes  for  a  — >0, 
therefore,  the  surface  currents  J'm  tend  to  the  Jm .  Thus 
we  can  express  the  longitudinal  coupling  impedance: 

<■«> 


Multiplying  and  dividing  the  right-hand  side  of  the  above 
equation  by  the  quantity  2Z0ln (b/a)  it  is  readily  found 
that: 

^jjr^e^S-2^-  (,5, 


4  IMPEDANCE  FOR  A  SMALL  BUT 
FINITE  RADIUS  OF  THE  WIRE 

Our  aim  is  now  to  account  for  the  effect  of  the  central 
conductor  with  a  small  but  finite  radius. 

Applying  twice  the  Reciprocity  Theorem  in  relation  to 
the  volumes  V2  and  Vj  (fig.l),  with  the  equivalent 
currents  in  V2  and  in  Vj  as  fields 

sources,  and  using  the  fields  given  by  eqs.(8)  and  (11)  we 
get  the  equations: 

Z(m)+Z'*(cu)  =  -y  J j(E'*  xH  +  ExH'*)  dS 


-l\H';jmsdS-ljHsj£sdS 
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JJ  H?  ■  J^dS + JJ  Hs  ■  ICsdS  =  -JJ  ir  x  H's*  •  EsdS  (20) 


■V 


where  Z'(a)  is  the  impedance  in  presence  of  the  wire  and 
Sw  is  the  whole  wire  surface. 

For  very  small  wire  radius,  we  may  put 
Es(r  =  a,<p,z)~  Es(r  =  0,z)  and,  assuming  the  aperture 
smaller  than  the  wavelenght,  the  equations  (19)  and  (20) 
give: 

Z'*(©)Z(m)  1 


Z(w)+Z'  (w)- 


2  Rq 


■  =  \^{e'*  xH+ExH’*)dS 
q 

(21) 


In  this  expression  the  perturbed  terms  are  unknown  and 
depend  on  the  wire  thickness.  Assuming  that  for  small 
radius,  there  is  a  little  difference  between  the  perturbed  and 
unperturbed  fields,  we  will  consider  two  perturbative 
approaches: 


4. 1  Substitution  (E,  H)  ->  (£',  H’) 
We  obtain: 


Z(tt>): 


4*g 


4R^-\Z'(cof 


Z\(d)  - 


\Z'(cof 


2*6 


(22) 


which  can  be  expressed  by  means  of  the  transmission  S- 
parameters: 

Z(  ci)  =  - - -  2R° - 


1 


OUT ' 

1 


nREF  nDUT 
^2,1  ~  -J2.1 


REF  CDUT \‘ 


nREF 

“2,1 


“  P2,l  *^2,1 


(23) 


We  observe  that  when  the  wire  radius  a  tends  to  zero  the 
above  equation  approaches  the  Sands  and  Rees  formula. 


Z(co)  —  2  Rq 


nREF 

“2,1 


-s 


DUE 


'2,1 


nDUT 

“2,1 


'  qZQlln  + a*  ' 
KqZ0/2n  +  a+\ 


(26) 


which  becomes  similar  to  the  Hahn  and  Pedersen  formula 
for  a  small  radius. 


5  COMPARISON  WITH 
EXPERIMENTAL  DATA 

We  have  performed  measurements  with  the  coaxial  wire 
method  on  a  device  similar  to  fig.l  with  four  narrow  slots 
as  aperture  [10].  The  results  are  shown  in  fig.2,  where  the 
curves  corresponding  to:  a)  ref.  [4];  b)  ref.  [5];  c)  eq.  (23); 
d)  eq.  (25).  We  notice  that  there  are  no  visible  difference 
between  a)  and  c),  and  b)  and  d). 


Figure  2:  Real  part  of  impedance  calculated  using  the 
expressions  given  by:  a)  •  ref.  [4];  b)  •  ref.  [5];  c)  •  eq. 
(23);  d)  •  eq.  (25). 


6  REFERENCES 
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Z(a>)  = 


2*o 
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\Z’«oj 


*o 


(24) 
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We  observe  that  also  this  relation  tends  to  the  Sands  and 
Rees  formula  when  the  wire  radius  approaches  zero. 
Neglecting  the  second  order  term  in  the  square  brackets,  it 
can  be  rewritten  as: 
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Abstract 

The  ions  captured  by  the  electron  beam  potential  can  intro¬ 
duce  transverse  instabilities  and  deteriorate  the  beam  qual¬ 
ity.  For  SRRC  storage  ring,  the  transverse  instabilities  due 
to  trapped  ions  are  found  since  commissioning  and  affect 
the  beam  performance.  In  this  paper,  we  summarize  the 
measurements  of  transverse  instabilities  which  related  to 
the  ions.  The  efforts  used  to  reduced  the  instabilities  are 
also  presented  in  the  paper. 

1  INTRODUCTION 

The  SRRC  storage  ring  is  a  dedicated  synchrotron  light 
source  in  the  VUV  and  soft  X-ray.  It  was  design  and  oper¬ 
ated  at  1.3  GeV.  While  it  was  upgraded  to  1.5  GeV  in  1996 
to  increase  the  emitted  photon  energy  and  the  beam  per¬ 
formance.  Since  commissioning  of  the  ring,  the  transverse 
instabilities  were  found  occasionally.  The  trapped  ions  ef¬ 
fect  was  one  of  the  suspicious.  Since  then  measurements 
were  performed  to  study  these  effects.  They  includes  the 
general  investigations  from  the  conventional  ion  points  of 
view,  the  tried  cures  and  the  venting  H2  gas  studies.  For 
effects  of  fast  beam  ion  instability,  the  measurements  are 
very  few  due  to  instrument  issues.  Since  the  dust  trapping 
has  relations  to  the  ions,  this  phenomenon  is  also  discussed 
in  the  paper. 

From  the  commissioning  phase  till  now,  many  efforts 
were  down  to  improve  the  ring  performance.  Among  them, 
the  energy  upgrade  and  the  improvement  in  vacuum  pres¬ 
sure  reduce  the  instabilities  by  reducing  the  driven  force 
from  ions.  In  contrast  to  the  reduction  of  ion  driven  force, 
the  systems  such  as  damper,  beam  shaking  and  clean  elec¬ 
trode  etc,  eliminate  the  instability  by  interfering  the  beam. 
There  are  the  third  kind  methods  such  as  empty  gap  in  the 
bunch  train  and  strong  chromaticities.  Most  of  the  curing 
methods  would  be  discussed  in  the  paper. 

2  DUST  TRAPPING 

During  the  commissioning  of  the  ring,  the  vacuum  pres¬ 
sure  was  gradually  pumped  down  as  the  increasing  of  beam 
dosage.  While  at  that  time  the  beam  current  and  lifetime 
had  a  sudden  jump  occasionally.  In  the  latter  operation 
the  sudden  beam  lost  became  not  obvious  while  the  life¬ 
time  still  had  a  dip.  This  effect  was  suspicious  from  the 
dust  trapping  phenomenon.  To  identify  this  assumption 
the  bremsstrahlung  emitted  from  the  beam  was  measured 
by  Cherenkov  counter.  As  the  beam  encountered  the  mas¬ 
sive  dust,  electron  beam  will  interact  with  the  protons  in 
the  dust  such  that  the  beam  would  be  bent  and  accelerated 


to  emit  bremsstrahlung.  Figure  1  shows  the  consistence 
from  the  dip  in  beam  lifetime  and  the  sudden  increasing 
in  counter  readings.  The  dust  trapping  phenomenon  was 
verified  at  commissioning  phase.  While  this  phenomenon 
disappeared  as  the  vacuum  conditions  getting  better. 


rr 

£ 

1? 


Figure  1:  Indication  of  dust  trapping  from  the  dip  of 
beam  lifetime  and  the  corresponding  reading  increasing  in 
Cherenkov  counter. 

3  OBSERVATIONS  IN  CONVENTIONAL  ION 
EFFECTS 

In  the  commissioning  phase  the  transverse  instabilities 
were  found  from  the  pickup  signal  of  stripline  electrode, 
as  shown  in  figure  2  for  a  all  of  buckets  uniformly  filled 
pattern.  The  spontaneous  betatron  sidebands  in  horizontal 
and  vertical  indicate  the  instabilities.  The  longitudinal  side¬ 
bands  is  accompanied  with  the  peaks  of  revolution  and  be¬ 
tatron  sidebands.  The  emitted  photon  beam  was  observed 
as  the  instrument  was  ready.  It  was  found  the  beam  size 
pulsated  as  there  were  the  spontaneous  betatron  sidebands. 
Many  efforts  were  tried  to  understand  these  instabilities. 
The  ion  trapping  effect  was  one  of  the  suspicious.  It  was 
found  a  very  big  empty  gap  in  the  filling  pattern  can  reduce 
and  dismiss  the  oscillation  peaks.  A  big  enough  empty  gap 
in  the  filled  bunch  train  is  the  typical  curing  method  for 
the  ion  trapping  phenomenon.  Since  then  the  ion  trapping 
phenomenon  was  studied  and  reported[l]. 


Figure  2:  Spontaneous  oscillation  peaks  at  the  revolution 
of  n=200  for  a  all  of  buckets  filled  pattern. 

From  the  residual  gas  analyzer  data,  H2  and  CO  are  the 
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than  90%  population  and  CO  only  takes  about  4%.  While 
since  the  ionization  rate  for  CO  is  larger  than  that  for  H2, 
these  two  species  were  suspicious  for  the  ion  instabilities 
at  the  beginning.  From  the  experimental  results  of  how  big 
of  the  empty  gap  to  avoid  the  spontaneous  transverse  peaks 
and  from  theoretic  prediction,  the  H2  ion  is  the  major  con¬ 
tributor  for  the  ion  instabilities.  This  is  also  verified  by  the 
venting  H2  gas  experiments  recently!2!. 

The  trapped  ions  will  introduce  an  additional  quadrupole 
force  on  beam,  which  implies  the  lattice  will  be  perturbed  a 
little  bit  such  that  the  betatron  tune  will  be  shifted  by  the  ion 
force.  This  was  basically  confirmed  by  the  measurements 
of  tune  versus  different  empty  gap. 

For  more  understandings,  a  pattern  was  filled  to  have  the 
possibility  to  trap  ions  and  chromaticities  were  applied  to 
damp  the  instabilities  at  the  normal  operation  pressure.  The 
ion  driven  force  was  then  increased  by  the  trapped  ion  den¬ 
sity,  which  is  increased  from  the  increasing  of  vacuum  pres¬ 
sure  by  turning  off  some  of  the  pumps.  It  was  found  that 
the  vertical  betatron  sideband  showed  up  first  at  around  12 
ntorr  and  then  the  horizontal  sideband  at  higher  vacuum 
pressure.  It  was  also  found  the  transverse  betatron  peaks 
have  threshold  current  limits.  The  current  limit  for  the  ver¬ 
tical  is  smaller  than  that  for  horizontal. 

4  THE  TRIED  REMEDY  METHODS 

4. 1  Empty  gap  and  chromaticity 

For  the  possible  cures  the  empty  gap  in  the  filling  pat¬ 
tern  is  an  easy  method  to  be  applied.  While  the  gap  needed 
to  avoid  trapping  was  large,  around  120  or  bigger  from  the 
200  RF  buckets  at  250mA.  The  beam  lifetime  became  small 
since  beam  population  per  bunch  getting  large  in  big  empty 
gap  operation.  The  compromise  was  the  small  empty  gap, 
say  20  to  40  buckets,  with  the  damping  mechanism  from 
chromaticities.  The  chromaticities  were  found  very  ef¬ 
fective  to  damp  the  transverse  peaks  in  both  planes.  For 
big  gap  operation  only  small  chromaticities  were  needed 
to  damp  transverse  peaks.  If  the  gap  was  big  enough, 
there  were  no  transverse  peaks  even  at  zero  chromaticities. 
While  the  chromaticities  should  be  increased  up  to  +6.5  for 
all  of  the  buckets  filled  one  at  1 .3  GeV.  The  bad  effect  of  ap- 
pling  strong  chromaticities  is  that  it  increases  the  sextupole 
strength  such  that  the  beam  lifetime  and  the  dynamic  aper¬ 
ture  reduced. 

4.2  Clean  electrode 

The  clean  electrodes  were  also  tried  to  remove  ions.  One 
button  type  electron  beam  position  monitor  and  one  15cm 
long  stripline  electrode  were  modified  for  this  studies.  The 
remedy  is  clearly  shown  form  the  reduction  of  tune  and 
tune  spread  as  the  clean  voltage  applied.  While  the  clean 
ability  is  not  enough  for  only  two  electrodes  . 


The  beam  shaken  at  the  betatron  sidebands  was  effec¬ 
tive  to  remove  the  instabilities  from  ions!3!.  In  this  studies 
one  50cm  long  stripline  electrode  was  modified  to  input 
the  power  to  shake  the  beam  periodically.  As  the  beam 
was  proper  shaken  the  transverse  peaks  were  dismissed. 
The  beam  pulsation  disappeared  and  the  beam  size  reduced. 
While  the  lifetime  increased  for  around  2  hours  at  1.3GeV. 
The  studies  also  show  the  shaken  frequency  is  not  only  ef¬ 
fective  at  coherent  betatron  sidebands  but  also  at  the  be¬ 
tatron  sidebands  of  which  no  coherent  oscillation  peaks 
showed  up.  The  shaking  frequency  was  applied  by  sweep¬ 
ing  a  range  from  0  to  34  MHz.  It  was  found  the  frequency 
of  betatron  sidebands  within  this  range  are  almost  effective 
to  damp  the  instabilities.  But  it  is  more  effective  for  the 
sidebands  of  coherent  oscillation.  It  was  also  found  that 
slow  betatron  sidebands  were  more  effective  than  fast  side¬ 
bands. 

Though  the  goal  of  longitudinal  beam  modulation  by  the 
second  synchrotron  sideband  is  try  to  cure  the  longitudinal 
instabilities!4!,  the  transverse  oscillation  peaks  are  also  re¬ 
duced  or  damped,  dependent  on  the  operation  conditions. 
The  pulsation  and  beam  size  are  reduced  in  the  modulation 
process.  These  phenomena  are  similar  to  that  of  the  trans¬ 
verse  shaking  at  the  betatron  sidebands. 

4.4  Other  improvements 

These  improvements  include  the  beam  energy  upgrade 
from  1.3  GeV  to  1.5  GeV!5!  and  the  improvement  in 
vacuum!6!.  Though  the  authors  were  not  engaged  in  these 
two  improvements,  while  the  impacts  were  considerable. 
Increased  beam  energy  will  benefit  beam  stabilities  from 
reducing  the  ion  driven  force  as  well  as  the  other  driven 
sources  such  as  the  force  of  wake  field  etc.  The  improve¬ 
ment  on  vacuum  pressure  can  also  reduce  the  ion  driven 
force  by  reducing  the  trapped  ion  density.  Another  method 
of  reducing  ion  driven  force  is  to  increase  the  beam  size. 
In  the  past  year  a  high  emittance  lattice  was  operated  for 
the  users  with  the  diluted  beam  size  to  reduce  the  instabili¬ 
ties.  This  can  be  taken  as  the  example  for  increasing  beam 
size.  While  the  emitted  photon  intensity  is  reduced  in  this 
diluted  beam  size  operation. 

5  OBSERVATION  IN  FAST  BEAM  ION  EFFECTS 

The  fast  beam  ion  effect  was  proposed!7!  and  studied!8,9! 
in  other  laboratories.  Due  to  the  instrument  issue,  we  can't 
observe  the  bunch  by  bunch  motion  directly.  For  the  undi¬ 
rect  measurement,  the  scraper  was  used  to  scrape  the  beam 
with  a  75/200  filled  pattern  at  40mA  to  avoid  conventional 
ion  trapping.  Before  scraping  there  were  some  of  missing 
bunches  within  the  bunch  train  and  the  population  in  head 
bunches  is  smaller  than  that  of  the  tail  bunches.  While  the 
tail  bunches  are  roughly  uniformly  filled.  This  experiment 
was  down  as  the  vacuum  chamber  were  replaced  in  Jan¬ 
uary  1998.  The  local  pressure  of  the  replacing  section  was 
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ter  scraping  is  shown  in  figure  3  for  the  less  population  in 
the  tail  of  the  bunch  train,  which  indicates  the  increasing  of 
instability  along  the  train.  This  result  is  similar  to  that  in 
AL#]. 


O  60  lOO  160  200  250  300  350  400 

n-»®e  (2nsac/bUhch) 

Figure  3:  Beam  population  along  the  bunch  train  after 
scraping  the  beam. 

6  VENTING  H2  GAS  EXPERIMENT 

Since  the  H2  ion  is  the  dominate  species  in  the  ring  and 
would  cause  instability,  the  venting  H2  gas  experiments 
were  performed  at  1 .5GeV  recently  to  increase  the  H2  den¬ 
sity  in  different  cases^ .  From  the  studied  results  the  H2 
ion  is  confirmed  to  be  the  dominate  source  again  for  the  ion 
instability.  The  coherent  peaks  from  the  button  electrode  is 
identified  to  be  the  H2  ion  oscillation  frequency  as  the  gap 
is  not  big  enough  or  as  the  local  pressure  of  H2  increased 
up  to  around  60  ntorr.  The  coherent  peaks  seem  have  pe¬ 
riodic  structure  with  the  period  of  revolution.  As  the  vac¬ 
uum  pressure  as  high  up  to  500  ntorr,  additional  peaks  show 
up  besides  the  coherent  frequency  peak  of  H2  ion  even  at 
a  75/200  buckets  filled  pattern  of  which  no  ions  could  be 
trapped  from  the  conventional  theory  prediction  and  no  co¬ 
herent  oscillation  before  and  after  venting  H2  gas.  Similar 
spectrum,  as  shown  in  figure  5,  was  found  for  a  all  of  buck¬ 
ets  filled  pattern  at  1.3GeV  in  the  normal  operation  vac¬ 
uum  pressure.  Compared  above  two  results,  the  coherent 
peaks  have  a  little  different  due  to  different  operation  con¬ 
ditions.  While  ion  driven  force  is  increased  for  these  two 
cases,  which  implies  that  the  ion  driven  force  could  be  the 
key  point  for  the  instability.  Increasing  the  vacuum  pres¬ 
sure,  reducing  the  beam  energy  and  operated  with  the  pat¬ 
tern  of  all  of  buckets  filled  arrive  the  same  destinate.  That 
is  increasing  the  driven  force  from  ions.  The  known  the¬ 
ories  can' t  fully  explain  these  additional  peaks.  Therefore 
the '  impedance  like’  idea  for  the  ion  force  is  introduced  to 
explain  these  phenomena.  While  more  works  will  be  done 
in  the  future,  including  the  theory  and  experiments. 

7  DISCUSSION 

The  ion  produced  instabilities  were  investigated  in  the 
SRRC  storage  ring.  From  the  studied  results  the  driven 
force  from  ions  is  the  key  for  the  instabilities.  As  the 
empty  gap  is  not  big  enough  in  the  bunch  train  the  trapped 
ions  would  cause  instability.  While  if  the  empty  gap  is  big 
enough  to  reduce  the  trapping  and  the  driven  force  was  de- 


Figure  4:  Measurement  of  vertical  slow  sideband  for  all  of 
buckets  filled  at  1.3GeV  and  138mA  in  the  normal  opera¬ 
tion  vacuum  pressure. 

creased  by  increasing  the  beam  energy,  diluting  the  beam 
size  or  reducing  the  trapped  ion  density  from  the  improve¬ 
ment  on  vacuum,  the  instability  from  ions  could  be  dis¬ 
missed.  The  shaking  method  knock  out  the  ions  by  driving 
the  beam  oscillated  at  some  particular  frequency.  The  elec¬ 
tron  bunch  is  also  redistributed  from  shaking.  The  electron 
density  within  bunches  becomes  smaller  and  less  trapping 
potential  from  electron  beam  resulted.  Ion  produced  insta¬ 
bility  is  also  reduced  from  this  bunch  redistribution  pro¬ 
cess. 

The  damping  mechanism  from  chromaticities  complete 
the  instability.  If  chromaticities  are  strong  enough,  the  in¬ 
stability  from  ion  driven  force  could  be  eliminated.  From 
the  transverse  spectrum  data,  the  coherent  peaks  of  Hj  os¬ 
cillation  frequency  show  up  first  as  the  ion  force  cause  in¬ 
stability.  While  as  the  ion  driven  force  getting  larger,  addi¬ 
tional  peaks  appear  from  the  indication  of  venting  H2  gas 
experiment.  This  feature  can't  be  fully  explained  from  con¬ 
ventional  ion  and  fast  beam  ion  theory.  The  impedance  like 
behavior  was  suggested  to  explain  this  phenomenon.  While 
more  works  would  be  down  in  the  future  to  verify  this  as¬ 
sumption. 
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Abstract 

The  instabilities  produced  by  ions  are  one  of  the  issues  in 
the  electron  storage  ring.  At  SRRC,  H2  ion  is  the  dominate 
species.  Comparing  with  other  species,  H2  ions  are  uneasy 
to  be  trapped  from  the  conventional  ion  points  of  view  for 
its  small  atomic  mass.  While  H2  ions  could  introduce  fast 
beam  ion  instabilities.  In  order  to  understand  more  details 
of  the  ion  produced  instabilities  in  the  ring,  H2  gas  was 
intentionally  vented  into  the  ring  chamber.  In  this  paper, 
the  instabilities  which  relate  to  the  H2  ions  are  described 
and  the  physics  is  also  discussed. 

1  INTRODUCTION 

As  ions  are  trapped  by  the  electron  potential,  the  beam 
and  the  ions  are  mutually  interacted  with  each  other  and 
perform  two  beam  oscillations.  The  linear  equations  of  mo¬ 
tion  are 


ye{s,t)+w}ye{s,t) 


2Aj  re  yi(s,t)  —  ye(s,t) 

7  <ry(s,t)(cry(s,t)  +  <rx(s,t)) 

(1) 


t )  +  w?yi(s,  t)  =  u>?ye(s,  t)  (2) 

in  which  the  subindex  e  and  i  indicate  the  motion  of  elec¬ 
tron  and  ion  respectively.  The  derivative  of  y’e  is  w.r.t.  co¬ 
ordinate  s  and  iji  to  time.  Also  A,  is  ion  charge  density, 
7  the  electron  beam  energy,  aXiV  the  horizontal  or  vertical 
beam  size  and  ujpp  the  angular  frequency  for  the  beam  and 
ions  respectively. 

From  equation  (1)  it  is  clear  that  the  driven  force  from 
ions  is  proportional  to  the  trapped  ion  density  and  is  in¬ 
versely  proportional  to  the  beam  size  and  beam  energy. 
Equation  (2)  can  be  treated  with  the  help  of  periodic  pass¬ 
ing  of  the  beam  bunches  to  obtain  stable  conditions  of  ion 
motion.  From  the  stable  conditions  ions  trapped  by  beam 
potential  can  be  investigated.  It  dependents  on  the  op¬ 
eration  conditions  and  ion  atomic  mass.  For  the  smaller 
atomic  mass  and  the  bigger  empty  gap  the  less  ion  trapping 
in  the  ring.  The  ring  operated  with  a  big  enough  empty  gap 
to  avoid  ion  trapping  is  the  well  known  method!1,2,3,4!  in 
the  world.  While  there  is  the  possibility  for  the  massive 
ions  to  be  trapped.  It  is  also  not  easy  to  control  the  ion 
species  in  the  ring.  For  the  SRRC  storage  ring  even  Hj  ion 
has  the  possibility  to  be  trapped!5! .  While  unfortunately  the 
H2  ion  is  the  dominate  species  in  the  SRRC  storage  ring. 
This  stimulated  the  studies  by  increasing  the  trapped  den¬ 
sity  of  h1,+^  ion  from  venting  H2  gas  into  the  ring. 


There  is  another  kind  of  ion  produced  instability  which 
is  called  fast  beam  ion  instabilities!6,7!.  This  kind  of  insta¬ 
bility  is  very  fast  such  that  the  ions  accumulated  by  the  pre¬ 
vious  bunch  could  affect  the  next  coming  bunches.  Due  to 
the  instrument  issues,  no  much  measurements  were  down 
about  this  kind  of  instability.  While  some  discussions  are 
given  in  the  paper. 

2  VENTING  SETUP 

The  venting  port  is  around  140mm  down  steam  Q2 
quadrupole  magnet  in  the  R6  section.  High  purity  H2  gas 
was  vented  into  the  ring  by  using  the  electropolished  tube. 
For  vacuum  consideration,  TMP,  ion  pump  and  NEG  were 
installed  in  the  bottom  of  the  venting  port.  During  the  stud¬ 
ies  the  pressure  was  increased  across  a  local  area,  depen¬ 
dents  on  how  much  venting,  and  no  pressure  increasing 
outside  this  local  area.  The  H2  gas  was  intentionly  in¬ 
creased  in  the  experiment  and  the  other  species  were  ne¬ 
glected  small  compared  with  the  population  of  H2.  For  the 
normal  operation  the  averaged  vacuum  pressure  is  around 
0.3  ntorr  and  is  around  0.7  ntorr  in  the  local  vented  area. 
While  the  local  pressure  is  under  lxlO-7  ntorr  in  the  local 
vented  area  for  most  cases  as  H2  gas  vented. 

3  EXPERIMENTAL  MEASUREMENT 

The  experiments  were  all  performed  at  1.5GeV.  During 
the  experiments  the  global  orbit  feedback  and  transverse 
damper  systems  are  off  to  avoid  unexpected  driven  on  the 
beam.  But  the  large  positive  chromaticities  are  set  to  damp 
instabilities  in  reasonable  levels.  The  experiment  was  first 
performed  at  122mA  with  a  pattern  of  big  enough  empty 
gap,  120/200  buckets  filled,  to  avoid  conventional  ion  trap¬ 
ping  (case  A).  The  beam  is  stable  for  there  are  no  transverse 
peaks.  Then  the  H2  gas  was  vented  into  the  ring  up  to  60 
ntorr  in  the  local  vented  area.  The  coherent  oscillation  peak 
in  the  vertical  plane  showed  up.  By  measuring  the  slow  be¬ 
tatron  sideband  at  each  revolution,  the  coherent  spectrum  is 
obtained,  as  shown  in  figure  1.  This  coherent  peak  has  the 
periodic  structure  with  the  period  of  revolution.  This  peak 
frequency  is  identified  to  the  H2  ion  oscillation  frequency 
according  to!6! 


UJi  =  ( 


4  NerpC2 


3IjsepO'y(o'x 


)l/2 


(3) 


where  Ne  is  the  number  of  electrons  per  bunch,  rp  the  clas¬ 
sical  proton  radius,  A  the  atomic  number  and  Lsep  the  sep¬ 
aration  of  bunches.  The  vertical  beam  size  is  dilute  a  little 
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bit  but  no  significant  changing  in  horizontal.  These  results 
are  similar  to  that  of  ALS  fast  ion  observations^. 


Figure  1 :  Coherent  spectrum  corresponding  to  the  Hj  ion 
oscillation  frequency. 

In  order  to  understand  more  details,  a  pattern  with  all 
of  the  RF  buckets  filled  was  employed  in  the  studied  at 
200mA  (case  B).  In  this  case  the  transverse  coherent  peaks 
were  showed  up,  horizontally  and  vertically,  and  the  beam 
pulsated.  The  betatron  tune  peak  shifted  randomly  across  a 
range  of  3kHz.  These  features  indicate  the  convention  ion 
effect  plays  an  important  role  in  this  all  buckets  filled  case. 
The  H2  gas  was  then  intentionly  vented  into  the  ring  up  to 
around  70  ntorr  in  the  local  vented  area.  It  is  found  that  a) 
there  are  still  the  transverse  coherent  peaks  and  pulsation 
on  beam  size,  b)  the  betatron  tune  peak  is  also  shifted  in 
a  more  wilder  range,  and  c)  the  frequency  of  the  coherent 
peaks  are  almost  the  same  as  that  of  the  before  venting  one 
under  almost  the  same  beam  size  which  is  pulsated  on  both 
cases,  d)  the  vertical  beam  size  increased  as  the  increas¬ 
ing  of  H2  gas  but  no  significant  variation  in  horizontal,  as 
shown  in  figure  2.  The  fluctuation  on  the  vertical  beam  size 
shows  the  instability  in  the  vertical  plane. 


Figure  2:  Beam  size  variation  versus  the  vacuum  pressure 
in  the  local  vented  area. 

Form  the  results  in  case  B  it  can  conclude  that  the  coher¬ 
ent  peaks  are  produced  by  the  H2  ions  before  and  during 
venting  H2  gas.  It  is  also  verified  by  the  theoretical  calcu¬ 
lation  of  H2  oscillation  frequency  from  ring  parameters. 

The  experiments  were  reproduced  with  a  big  empty  gap 
in  the  pattern,  around  125/200  buckets  filled,  to  have  verti¬ 
cal  coherent  oscillation  peaks  before  venting  H2  gas  (case 
C).  The  results  of  venting  H2  gas  are  the  same  as  that  of  all 
of  RF  buckets  filled  one  but  with  the  less  strength  in  coher¬ 
ent  peaks.  The  tune  is  also  shifted  in  a  range  of  2KHz  for 
without  venting  one  and  of  2.5KHz  for  venting  H2  gas  due 
to  instabilities.  The  averaged  results  of  these  shifted  tune 
peaks  give  the  ’averaged’  tune  spread  for  the  instability,  as 
shown  in  figure  3  for  venting  and  without  venting. 


Figure  3:  Vertical  tune  spread  with  and  without  venting  H2 
gas. 

From  conventional  points  of  view,  case  A  has  no  con¬ 
ventional  ion  effects  before  venting  H2  gas.  The  instabil¬ 
ities  during  venting  is  coming  from  fast  beam  ion  effects. 
While  if  we  compare  the  venting  results  of  case  A  with 
case  B,  there  are  no  big  differences  between  two  cases  ex¬ 
cept  the  coherent  oscillation  amplitude  is  bigger  for  case 
B,  in  which  the  conventional  ion  effect  is  important.  From 
the  similar  results  of  cases  B  and  C  it  indicates  the  conven¬ 
tional  ion  effects  play  an  important  role  in  these  two  cases. 
Also  from  the  facts  of  venting  H2  gas  and  the  frequency 
information  of  the  coherent  oscillation,  it  concludes  that 
the  H2  ion  is  the  suspicion  of  the  ion  instability  for  case 
C  without  venting.  For  the  routine  operation  in  SRRC  stor¬ 
age  ring,  the  empty  gap  is  smaller  than  that  of  case  C,  about 
20  to  40  gap.  While  the  transverse  oscillation  behavior  in 
routine  operation  is  similar  to  that  of  case  C  when  the  feed¬ 
back  systems  are  off.  Hence  we  arrives  the  following  un¬ 
derstandings  form  above  results.  There  are  a)  the  H2  ion  is 
the  dominate  source  for  the  conventional  ion  instability  in 
SRRC  storage  ring,  which  is  consistent  with  our  previous 
estimation1 b)  the  increased  density  of  H2  gas  (or  ions)  is 
to  enhance  the  instability,  c)  the  vertical  beam  size  increas¬ 
ing  and  no  increasement  in  horizontal  from  venting  H2  gas 
are  common  features  for  the  fast  beam  ion  (case  A)  and 
conventional  ion  (cases  B  and  C)  effects. 


Figure  4:  Measurements  of  the  vertical  slow  sideband  for 
95/200  filled  pattern  at  156mA  as  H2  gas  vented. 

While  the  H2  ion  is  very  easy  to  escape  from  trapping  for 
its  small  atomic  mass.  In  order  to  understand  more  details, 
the  partial  pressure  of  H2  was  increased  further  by  venting 
more  gas  into  the  ring,  which  was  operated  at  156mA  with 
around  95  buckets  filled  (case  D).  There  were  no  coherent 
peaks  before  venting.  It  is  found  that  lots  of  the  transverse 
peaks  show  up,  as  shown  in  figure  4,  besides  the  coherent 
peak  of  Hg  oscillation  frequency,  about  9.9MHz,  as  the  lo¬ 
cal  pressure  increased  up  to  5xl0-7  torr.  The  empty  gap 
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of  case  D  is  smaller  than  that  of  case  A.  Therefore  there 
is  no  conventional  ion  effects  also.  While  the  results  are 
quite  different  during  venting.  The  additional  peaks  shown 
in  figure  4  would  not  coming  from  other  species  for  the 
frequency  of  these  additional  peaks  are  larger  than  the  co¬ 
herent  peak  of  H J  and  other  species  will  give  smaller  fre¬ 
quency  peaks  for  the  large  atomic  mass. 

The  electric  potential  produced  by  the  electron  beam 
would  not  be  changed  by  the  vacuum  pressure.  That  means 
the  trapping  ability  is  almost  the  same  for  different  pres¬ 
sure.  If  the  pattern  is  filled  such  that  the  beam  can  accumu¬ 
late  ions,  then  the  instabilities  enhanced  by  the  pressure  is 
reasonable  for  more  ions  are  trapped  in  the  higher  vacuum 
pressure.  But  if  empty  gap  is  big  enough  to  avoid  trapping 
why  there  are  additional  peaks  in  high  vacuum.  One  pos¬ 
sible  answer  is  that  the  theory  we  followed  is  only  linear 
one.  It  is  valid  for  small  amplitude.  For  the  cases  of  dras¬ 
tic  oscillation,  the  high  order  terms  need  to  be  included^. 
People  could  criticized  that  the  ions  are  trapped  in  cases 
A  and  D  since  the  instabilities  could  be  damped  off  by  the 
strong  chromaticities  in  the  experiments.  While  since  the 
empty  gap  is  larger  than  that  for  trapping  this  possibility  is 
excluded. 

If  we  investigate  what  shown  in  figure  4,  there  is 
something  like  the  features  of  impedance.  The  idea  of 
impedance  provides  a  trace  to  follow.  The  new  idea  is  sim¬ 
ilar  to  that  of  the  fast  beam  ion  instability  with  the  ions  ac¬ 
cumulated  by  previous  bunch  does  affect  on  the  following 
coming  bunches  by  the  very  fast  time.  But  the  period  of  the 
affect  time  is  larger  than  the  revolution.  If  we  compare  this 
new  idea  with  the  physics  of  impedance  from  wake  field, 
they  are  quite  similar.  The  wake  force  affects  on  the  beam 
with  the  help  of  vacuum  chamber.  While  the  ion  force  is 
coming  from  the  interaction  of  beam  and  ions.  If  the  idea 
of  impedance  like  behavior  is  accepted  then  what  shown 
in  figure  4  and  the  above  results  are  reasonable.  Hence 
we  can  arrive  the  following  understandings  (maybe  suspi¬ 
cious  only):  the  ion  effects  on  the  beam  have  some  kind  of 
impedance  behavior. 

4  DISCUSSION 

From  above  experimental  results,  it  clear  that  the  coher¬ 
ent  peaks  shows  up  during  venting  H2  gas  are  due  to  the  H2 
ions.  By  comparing  the  frequency  of  the  coherent  peaks 
with  and  without  venting  H2  gas  it  concludes  the  coher¬ 
ent  oscillations  appeared  in  the  no  venting  cases  are  mainly 
from  the  H2  ion.  This  is  also  verified  by  theoretical  cal¬ 
culation  of  ion  frequency  from  ring  operation  parameters. 
From  what  shown  in  above  experimental  results,  especially 
in  case  C,  H2  ion  is  the  major  contributor  for  the  ion  in¬ 
stability  in  SRRC  storage  ring.  For  case  D  with  around 
half  buckets  filled  and  no  coherent  peaks  before  venting,  it 
would  not  have  conventional  ion  effects.  While  there  are 
lots  of  the  coherent  peaks  besides  that  of  the  Hj  frequency 
as  the  vacuum  was  increased  up  to  5x10“ 7  torr  by  venting 
H2  gas.  Does  these  peaks  come  from  the  fast  beam  ion  in¬ 


stabilities?  However  it  is  assumed  the  ions  will  lost  in  the 
gap  for  the  fast  ion  one.  Otherwise  it  is  difficult  to  distin¬ 
guish  the  fast  ion  and  the  conventional  ion  effects.  While 
if  the  impedance  idea  is  introduced  for  the  ion  effects  this 
problem  can  be  solved  and  the  behavior  shown  in  figure  4 
could  be  explained  also. 

This  ’impedance  like’  behavior  not  only  occurs  in  the 
high  vacuum  but  also  found  in  the  low  vacuum.  It  is  found 
in  SRRC  storage  ring  at  normal  operation  vacuum  pres¬ 
sure  at  1 .3  GeV  with  a  all  of  buckets  filled  pattern  t9L  From 
these  facts  it  imply  that  the  impedance  like  behavior  could 
happen  as  the  ion  driven  force  become  large.  This  is  under¬ 
stood  from  the  driven  term  in  equation  (I),  in  which  less 
beam  energy  and  high  vacuum  pressure  enhance  the  driven 
force.  Ring  operated  with  all  of  the  buckets  filled  will  in¬ 
crease  the  trapping  ability.  Though  the  ion  could  introduce 
impedance  like  behavior,  while  the  quantitative  measure¬ 
ments  are  still  in  progress.  In  the  next  step  the  direct  mea¬ 
surement  on  the  impedance  will  be  important. 

From  the  additional  peaks  show  up  by  the  large  driven 
force,  it  imply  there  is  the  rise  time  issue.  The  instabilities 
at  some  of  the  frequency  could  be  damped  by  the  radiation 
damping,  chromaticities  etc.  While  the  rise  time  could  be 
faster  than  above  damping  mechanism  as  the  driven  force 
increased. 

From  the  experiments  the  coherent  peak  of  ion  frequency 
shows  up  first  and  then  the  additional  peaks  as  the  driven 
force  getting  large.  These  peaks  have  the  periodic  structure 
with  the  period  of  revolution.  This  fact  is  obvious  for  the 
coherent  frequency  peak  of  Hj .  While  the  theory  in  con¬ 
ventional  ion  and  fast  beam  ion  instabilities  can’t  explain 
these  coherent  modes.  Hence  the  theoretical  studies  and 
the  further  measurements  will  be  important  in  the  future. 
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TRANSVERSE  BEAM  STABILITY  WITH  “ELECTRON  LENS”* 


A.  Burov,  V.  Shiltsev,  FNAL,  Batavia,  IL 
V.  Danilov,  ORNL,  Oak  Ridge,  TN 


Abstract 

Stability  analysis  is  presented  for  an  antiproton  beam  in¬ 
teracting  with  an  electron  beam  of  an  “electron  lens”  pro¬ 
posed  as  a  beam-beam  tune  shift  compensator.  Coherent 
antiproton-electron  interaction  causes  coupling  of  the  an¬ 
tiproton  synchrobetatron  modes  which  may  lead  to  a  trans¬ 
verse  mode  coupling  instability  (TMCI).  Analytical  studies 
and  numerical  simulations  of  this  effect  are  presented. 

1  INTRODUCTION 

An  “electron  lens”  was  proposed  to  compensate  beam- 
beam  tune  shift  in  the  Tevatron  collider  [2],  A  tune  shift  of 
antiprotons  on  electron  beam  with  total  current  Je,  radius 
ae,  length  Le,  is  equal  to 

ce  ~  +  Pe)JeLerp  ... 

x,y  An  eveal^p 

here  rp  =  e2/(Mpc2)  ss  1.53  •  10-18m  is  the  (anti)proton 
classical  radius,  jp  is  relativistic  antiproton  factor,  ve  = 
c/?e  is  electron  beam  velocity,  (3XtV  is  the  beta  function  at 
the  set-up  location. 

The  electron  beam  create  a  transverse  impedance  that 
can  result  in  collective  instabilities  of  the  antiproton  bunch. 
The  electron  beam  is  generated  by  an  electron  gun  cathode, 
transported  through  the  interaction  region,  and  absorbed  in 
the  collector.  Therefore,  each  portion  of  electrons  passes 
through  the  p  beam  only  once,  and  only  short  distance  trans¬ 
verse  wake  fields  are  of  interest.  When  the  bunch  head  col¬ 
lides  off  the  electron  beam  center,  it  causes  electron  motion 
and,  as  a  result,  the  electron  beam  acquires  a  displacement 
at  the  moment  when  it  interacts  with  the  tail  of  the  p  bunch. 
This  interaction  can  lead  to  the  strong  head-tail  instability. 
To  suppress  it,  a  longitudinal  magnetic  field  in  the  interac¬ 
tion  region  is  assumed  to  be  applied.  The  magnetic  field 
couples  the  electron  transverse  degrees  of  freedom,  trans¬ 
forming  a  kick  in  one  direction  into  an  offset  in  another. 
In  the  result,  the  magnetized  electron  medium  creates  both 
conventional  and  skew  wakes. 


2  TWO-MODE  MODEL 


To  find  the  dipole  wake  function,  let  us  consider  a  thin  an¬ 
tiproton  slice  with  a  charge  q  and  transverse  offset  Ax  trav¬ 
eling  through  the  electron  beam.  After  interaction  with  the 
slice,  electrons  acquire  a  transverse  velocity 


2eqAx 

Vxe  =  ~o  > 

a^jefric 


(2) 


after  a  time  interval  t ,  the  resulting  electron  transverse  off¬ 
sets  are: 

xe  =  sm(uLty,  2/e  =  ”  ( 1  _  cos {ujLtfj ,  (3) 

where  ul  —  eB/(^emc)  stands  for  the  Larmor  frequency. 
The  originally  horizontal  displacement  Ax  resulted  in  both 
horizontal  and  vertical  displacements.  The  antiprotons  at 
the  distance  s  behind  the  slice  will  experience  momentum 
changes 


A px(s)  =  -f(Wd(s)  Ax  -  Ws(s)Ay) 

Apy(s)  =  -Sl(Wa(s)Ax  +  Wd(s)Ay)  w 

where  we  introduced  direct  wake  function  Wd{s)  and  skew 
Ws(s)  wake  function: 

Wd(s)  =  Wsin(/cs),  Ws(s)  =  W(1  -  cos(fcs)),fors  >  0 
W  =  4tt  neLe/(Ba2),  k  =  1  4-  &)c) 

(5) 

Depending  on  the  parameters,  one  or  the  other  of  the  two 
wake  functions  (5)  can  give  a  dominant  influence  on  the 
antiproton  beam  stability.  The  direct  wake  effects  are  sup¬ 
pressed  if  there  are  many  Larmor  oscillations  periods  over 
the  p  bunch  length  <rs,  while  the  skew  force  impact  de¬ 
creases  with  increasing  the  x  -  y  detuning. 

For  the  parameters  under  study,  the  skew  wake  is  found 
to  be  more  dangerous.  To  damp  the  instability,  the  longitu¬ 
dinal  magnetic  field  B  has  to  be  high  enough;  a  two-mode 
model  gives  the  threshold  condition  as 


B  >  Bth  ^  2.0 


eNpy/^x^y 


a2  y/ Au  min(A^,  2.4^s) 


(6) 


For  =  £„  =  0.01,  Np  =  6  ■  1010,i/s  =  0.001,  Au  = 
0.01,  a  =  1  mm  it  comes  out  Bth  =  12  kG. 

In  addition  to  these  simplified  analytical  calculations,  A 
multi-mode  numerical  algorithm  of  Ref.  [3]  was  applied 
for  the  stability  study.  Typical  eigenvalues  behavior  is  pre¬ 
sented  in  Fig.  1. 

Fig.2  shows  the  tune  shift  threshold  £e  for  the  first  cou¬ 
pling  modes  versus  the  tune  split  in  units  of  the  synchrotron 
tune  Au  =  (ux  -  uy)  while  the  vertical  tune  is  equal  to 
.555.  The  threshold  grows  linearly  until  Au  »  (2  —  2.5)us 
and  then  is  approximately  proportional  to  y/ Au  -  in  a  good 
agreement  with  the  two  mode  model  formula  (6). 

Transverse  widening  of  the  electron  beam  was  found  to 
suppress  the  instability,  decreasing  the  threshold  field  as 
Bth  oc  a~2. 


3  TRACKING  SIMULATIONS 


where  m  is  the  electron  mass.  Such  a  kick  causes  transverse 
Larmor  oscillations  in  a  longitudinal  magnetic  field  B,  and 


Three  dimensional  numerical  simulations  of  the  effects 
have  been  done  with  ECWAKE  code  written  in  FORTRAN. 


0-7803-5573-3/99/$  1 0.00  @  1 999  IEEE. 
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Figure  1 :  Eigenfrequencies  (tunes)  of  the  antiproton  bunch 
oscillation  modes  versus  the  antiproton  betatron  tune  shift 
due  to  electron  beam  (horizontal  axis).  Vertical  scale  on 
the  left  is  for  fractional  part  of  the  tunes  Rev  (upper  series  of 
lines),  the  right  side  scale  is  for  imaginary  part  of  the  tunes 
Imv  (lower  series  of  lines). 


Tune  shift  due  to  e-beam 

Figure  3:  Threshold  solenoid  field  Bthr  vs  tune  shift  due  to 
electrons  |£e|  at  different  bunch  populations  Np  =  1, 6, 10- 
1010.  Focusing  lattice  tunes  vx  =  0.585,  vy  =  0.575,  syn¬ 
chrotron  tune  vs  =  0.0012,  maximum  tune  spread  8v  =  0, 
the  rms  size  of  p  beam  crp  =  0.7  mm. 


Av*  1000 


Figure  2:  Threshold  antiprotons  tune  shift  £e  (vertical  axis) 
due  to  the  electron  beam  versus  the  difference  of  antiproton 
horizontal  and  vertical  tunes  Av  =  vx  -  vy.  B  =  10  kG, 
vs  =  0.001,  Np  =  6  •  1010. 

Fig.3  shows  the  threshold  strength  of  solenoidal  mag¬ 
netic  field  Bth  vs.  electron  beam  intensity  parameter  for 
antiproton  bunch  population  equal  to  Np  =  (1, 6, 10)  •  1010 
-  lower,  middle  and  upper  curves,  respectively.  We  define 
the  threshold  as  the  value  of  B  which  results  in  more  than 
10-fold  increase  of  the  initial  centroid  betatron  amplitude 
over  the  first  10,000  turns.  One  can  see,  that  the  field  is  ap¬ 
proximately  proportional  to  both  £e  and  Np  in  accordance 
with  Eq.(6). 

Dependence  of  the  threshold  on  the  synchrotron  tune  vs 


is  depicted  in  Fig.4.  Dots  are  simulation  results  with  vx  = 
0.585,  vy  =  0.575,  £e  =  -0.01,  Sv  =  0.002,  Np  =  6  • 
1010,  <jp  =  0.7  mm.  The  solid  line  represents  a  fit  Bthr  = 
17.5[fcG]/ yV,/0.001  in  line  with  the  two-mode  prediction 
Eq.(6). 


Syncrotron  tune 


Figure  4:  Threshold  magnetic  field  vs  synchrotron  tune  vs. 
Solid  line  is  for  Bthr  -  l2A[kG\/ y/v~a.  vx  =  0.585,  vy  = 
0.575,  fe  =  —0.01,  5v  =  0,  Np  =  6  ■  1010,  op  =  0.7  mm. 

In  order  to  evaluate  importance  of  the  oscillation  part  of 
the  wakes  Eq.5,  we  performed  similar  scan  without  constant 
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part  of  the  skew  wake,  i.e.  with  Wd(s)  =  W  sin (ks)  and 
Ws(s)  =  —  W  cos  (ks)  and  found  that  about  5  times  smaller 
solenoid  field  is  required  for  stability.  It  confirms  decisive 
role  of  the  the  constant  part  of  skew  wake  that  is  a  basic  as¬ 
sumption  of  the  two-mode  model  in  Section  II. 


Figure  5:  Threshold  magnetic  field  vs  horizontal  tune  ux. 
Dashed  line  corresponds  to  Bthr  oc  1/ y/\ux  —  vy\\  vy  — 
0.575,  v,  =  0.001,  £e  =  -0.01,  Su  =  0.0,  Np  =  6  •  1010, 
<Tp  =  0.7  mm. 

It  is  found  that  the  TMCI  threshold  greatly  depends  on 
operation  point  ux,  uy.  Fig.5  presents  results  of  scanning  of 
the  horizontal  tune  vx  from  0.52  to  0.63  while  the  vertical 
tune  is  uy  —  0.575.  In  close  vicinity  of  the  coupling  res¬ 
onance  Au  =  | ux  —  vy\  <  15i/s  the  threshold  magnetic 
field  depends  on  us  approximately  as  oc  l/\Au\K,  where 
2/5  <  k  <  1/2.  The  threshold  also  goes  up  near  half¬ 
integer  resonance  ux  — >  0.5. 

In  order  to  compare  with  the  two  mode  model,  one  can 
fit  Bthr  in  the  form  similar  to  Eq.(6): 

r> _ 0.95eiVpge  _  17.5[fcG]6  I  q^qT  1  ,7, 

&th  ~  <y  r. - i -  < - ; - -  5  (') 

Wx  -  ( ap  [mm]  ,.2  /  |Ai/| 

V  0.7  /  V  0  001  0.01 

-  see  also  dashed  line  in  Fig.5. 

These  results  are  in  a  reasonable  agreement  with  the  two¬ 
mode  analysis  and  the  coupled-mode  calculations.  The  dif¬ 
ference  (~  40%)  in  numerical  factors  between  Eq.(7)  and 
Eq.(6)  lies  within  the  accuracy  limits  of  the  wake  calcula¬ 
tions  and  two-mode  model. 

4  CONCLUSIONS. 

We  have  considered  strong  head-tail  instability  of  the  Teva- 
tron  antiproton  bunch  due  to  the  beam-beam  compensa¬ 
tion  set-up.  The  head-tail  interaction  takes  place  because 
of  the  fact  that  the  electron  beam  is  not  rigid  enough 


and  can  be  displaced  transversely  by  the  bunch  head  par¬ 
ticles.  The  resulting  direct  and  skew  wake  forces  act 
on  the  tail  particles  and,  thus,  can  lead  to  the  instabil¬ 
ity.  We  pursue  three  approaches  to  study  the  instabil¬ 
ity:  a  two-mode  model  with  analytical  calculations,  more 
sophisticated  multi-mode  analysis  which  requires  numeri¬ 
cal  solution  of  eigenmode  equations,  and  straightforward 
macroparticle  tracking.  The  results  coincide  qualitatively 
and  rather  well  quantitatively  agree  with  each  other.  For 
the  parameters  of  the  planned  Tevatron  beam-beam  com¬ 
pensation  experiment  the  p  bunch  intensity  eNp  =  6  •  1010 
and  its  rms  size  op  =  0.7  mm,  the  tune  shift  due  to  elec¬ 
tron  beam  £e  =  —0.01,  the  distance  to  the  coupling  res¬ 
onance  Ah'  =  | vx  —  vy\  —  0.01,  and  the  synchrotron 
tune  us  =  0.001,  the  instability  takes  place  if  the  longitudi¬ 
nal  magnetic  field  in  the  set-up  is  below  threshold  of  about 
Bthr  =  17.5kG.  Essential  features  of  the  instability  are: 

•  the  constant  skew  wake  plays  a  major  role  in  the  mode 
coupling; 

•  the  threshold  solenoid  field  Bthr  is  proportional  to  the 
transverse  charge  density  of  the  electron  beam,  to  the 
transverse  charge  density  of  the  antiproton  beam,  and 
inversely  proportional  to  the  product  y/ us\ux  —  uy\  in 
vicinity  of  the  coupling  resonance  ux-uy  =  integer ; 

Having  the  electron  beam  wider  than  the  antiproton  beam 
results  in  lower  threshold  magnetic  field  Bthr  oc  (ap/ae)2. 

We  plan  to  continue  investigations  of  the  instability  in  or¬ 
der  to  clear  some  inadequacies  of  the  present  studies.  In 
particular,  the  following  effects  have  to  be  taken  into  con¬ 
sideration: 

1 .  non-linear  forces  with  general  current  distributions  in 
the  electron  and  antiproton  beams; 

2.  instability  suppression  due  to  betatron  and  synchrotron 
tune  spreads; 

3.  higher  order  transverse  mode  coupling. 

We  acknowledge  stimulating  discussions  with  Vasily 
Parkhomchuk,  Andrei  Sery,  Gerry  Jackson  and  David  Fin¬ 
ley. 
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INSTABILITIES  IN  THE  SNS* 

M.  Blaskiewiczt,  BNL,  Upton,  NY 


Abstract 

The  2MW  Spallation  Neutron  Source  (SNS)  will  have  a 
D.C.  beam  current  of  40  A  at  extraction,  making  it  one  of 
the  worlds  most  intense  accelerators.  Coherent  instabilities 
are  a  major  concern  and  efforts  to  predict  beam  behavior 
are  described. 


1  INTRODUCTION 

For  2  MW  operation  the  SNS  will  accumulate  2  x  1014, 
1  GeV  protons  over  1  ms  via  charge  exchange  injection. 
The  machine  circumference  is  220  m  with  a  transition  en¬ 
ergy  of  7 1  =  4.9  and  betatron  tunes  around  5.8[1].  The 
baseline  design  calls  for  natural  chromaticities  ~  — 1,  but 
chromatic  control  is  likely  in  the  final  design.  The  machine 
impedance  below  200  MHz  has  been  characterized^,  3], 
and  measurements  of  the  extraction  kicker  impedance  are 
in  progress. 


2  LONGITUDINAL  INSTABILITIES 


Two  methods  have  been  used  to  characterize  longitudinal 
stability  in  the  SNS.  First  assume  a  coasting  beam  with  a 
rectangular  energy  distribution  and  do  first  order  pertuba- 
tion  theory  on  the  Vlasov  equation  with 

/  =  Jo  +  I i  exp (in(&  —  wq t)  —  iflt). 


The  dispersion  relation  is  given  by, 

Q2  ~  .  qloV  Zii(0  +  nwo) 

— o — o  =  V  +  l - —-—9  - - - 

fan  2nEofa  n 


(1) 


where  rj  —  —0.193  is  the  frequency  slip  factor,  Eo  — 
' ymc 2,  q  is  the  proton  charge,  and  v  =  |ry|  max(£  - 
Eo)/EoP2  six  10-3  .  With  /<>  =  40A  the  terms  on 
the  right  had  side  are  equal  for  Z\\/n  =  i650Q.  The  space 
charge  impedance  is  Z\\/n  =  il50fi  and  dominates  the 
magnitude  of  the  impedance.  Taking  the  square  root  of 
eq(l)  and  assuming  the  second  term  is  small  compared  to 
the  first  yields 


u>o  el0i) 
2v  2nE0/32 


Re{Z\\). 


(2) 


When  all  objects  other  than  the  extraction  kicker  are  in¬ 
cluded  in  the  impedance  budget  the  growth  rate  of  the  most 
unstable  mode  below  700  MHz  is  <2/ms,  which  is  be¬ 
nign.  Near  the  cutoff  frequency  for  transverse  magnetic 
microwave  propagation  «  1  GHz,  codes  such  as  ABCI  [6] 

*  Work  supported  by  US  Department  of  Energy 
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predict  strong,  narrow,  resonant  impedances.  These  will  be 
considered  in  the  future. 

Instabilities  of  the  sort  predicted  by  eq  (1)  and  (2)  are 
rare  or  nonexistent  below  transition.  The  reason  can  be 
inferred  from  a  simple  bunched  beam  model.  Assume  a 
“brick  wall”  barrier  bucket  rf  system.  The  bunch  has  length 
Tb  (radians)  and  peak  current  Iq  .  The  particles  undergo  per¬ 
fect  reflection  at  the  edges  of  the  bunch  and  the  impedance 
is  given  by  Z  =  R  —  iuiL.  Use  the  machine  azimuth  9  as 
the  time-like  variable.  Let  r  =  —  9  and  v  —  dr/dO 

be  the  dynamical  variables.  Assume  the  unperturbed  phase 
space  density  is  given  by 


^o(t,u)  = 


1 

2vrb 


for  0  <  t  <  Tb  and  |i>|  <  0,  and  zero  otherwise.  This  ne¬ 
glects  the  effect  of  R  on  the  unperturbed  distribution.  As¬ 
sume  a  solution  to  the  Vlasov  equation  of  the  form 

\I >(t,v,9 )  =  ^0{r,v)  +e~  (r,v). 


The  pertubation  satisfies 
dvki 

-iQ# i  +  v-—~  =  Fi(t)  (£(?;  -  v)  —  S(v  +  v )) 
or 


where 


—  %!+(t)5(v  -  v)  +  +  v)  (3) 

Fi(t)  =k^R  +  ojoL^(9+(t)  +  9.(t))  (4) 

and 

K=  -ml o 

Attv/32Eo 

The  equations  for  4'+(r)  and  if  _(r)  are  first  order  with 
constant  coefficients.  To  solve  these  equations  let  U —iV  = 
k(R  -  iuoL),  S(t)  =  \f+(r)  +  ^-(r),  and  D(t)  = 
'4'+(r)  —  ^-(r).  Then 

dD 

-iQS  +  v—  =  0,  (5) 

dr 

dS 

-iQD  +  (  v-2V)—  =  2  US.  (6) 

dr 


For  perfect  reflection  at  r  =  0  and  r  =  rb  the  boundary 
conditions  are  D{ 0)  =  D  fa)  =  0,  so 

Dfa)  =  exp(A+r)  —  exp(A_r). 

Equations  (5)  and  (6)  give 

a  u  i  /  u 2  Q2 

*  v  -  2V  y  (v  -  2V)2  v(v  -  2V) 
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The  boundary  condition  at  77,  gives  A+  -  A_  =  2n ik/rb 
with  k  ^  0  an  integer.  Solving  for  Q  =  luqQ  gives 


Cl2  =  u>qv(v  -  2V) 


k2n2  U 2  1 

r2b  +  (v-2V)2} 


(7) 


The  right  hand  side  of  (7)  is  positive  as  long  as  v  >  2V  or 


2tt  EqP2 


(jJqL  <  v2. 


This  is  very  different  from  the  coasting  beam  result.  For 
the  SNS  space  charge  dominates  (L  <  0)  and  we  are  below 
transition  77  <  0  so  no  amount  of  resistance  makes  the  beam 
unstable.  For  a  resonator  impedance  there  are  4  coupled 
ODEs  and  numerical  techniques  apply  [5],  Figure  1  shows 
the  eigentunes  for  a  wake  potential  given  by 

W(t)  =  W0(l  -  10tt T/rb)e  ~  107rr/r\ 

corresponding  to  a  critically  damped  resonantor  with  a  fre¬ 
quency  of  8  MHz  in  SNS.  The  tunes  are  in  units  of  2rf,/ti 
and  are  plotted  versus  the  tune  shift  obtained  by  assuming 
D(t)  =  sin(7r r/rb).  The  system  appears  stable  for  all  val- 


Figure  1:  Exact  coherent  tunes  versus  tune  shift  for  the 
dipole  mode  in  the  weak  coupling  approximation 

ues  of  W0,  not  just  those  shown.  This  too  is  a  curious  result 
and  independent  confirmation  would  be  appreciated. 

For  long  range  wakefields  the  residual  fields  from  pre¬ 
vious  turns  must  be  included  in  the  equations  of  motion. 
Studies  in  this  direction  continue  and  growth  rates  of  order 
the  synchrotron  frequency  are  expected.  Since  the  entire 
SNS  cycle  is  about  half  a  synchrotron  period  no  serious  in¬ 
stabilities  are  expected. 

The  final  type  of  longitudinal  stability  is  related  to  the  rf 
system.  With  large  beam  current  the  coupling  between  the 
beam,  cavity  and  power  amplifier  is  a  major  consideration 
in  rf  design.  For  SNS  we  have  simulated  the  effects  of  beam 
loading  with  realistic  amplifier  passbands  and  delays.  As 
of  now  the  delays  are  large  enough  to  keep  the  feedforward 
and  feedback  amplifiers  outside  the  tunnel.  The  amplifiers 
will  go  into  the  tunnel  if  needed. 


3  TRANSVERSE  INSTABILITIES 


Both  coasting  and  bunched  beam  approximations  have 
been  used  to  study  transverse  stability.  The  space  charge 
tune  shift  reaches  «  0.2  while  A p/p  <  0.01.  For  a  coast¬ 
ing  beam  with  a  parabolic  energy  distribution  a  normalized 
chromaticity  «  —16  is  needed  to  Landau  damp  low  fre¬ 
quency  oscillations[7].  Such  a  chromaticity  would  have  a 
strong  impact  on  dynamic  aperture  so  no  Landau  damping 
due  to  chromaticity  will  be  assumed.  A  similar  statement 
applies  to  octupoles.  Landau  damping  due  to  frequency  slip 
becomes  effective  for  mode  numbers  n  >  4  x  0.2/u  «  800. 
This  frequency  is  above  cutoff  for  transverse  electric  mi¬ 
crowave  propagation  «  800  MHz  where  the  transverse 
impedance  may  have  narrow  resonances.  Therefore,  a  cold 
coasting  beam  dispersion  relation  is  appropriate  and  the 
growth  rate  is[7] 


Im(Cl)  =  =  2.121  AZKs-\ 

4ttEoQp 

(8) 

where  Q@  «  5.8, 1  a  is  the  current  in  amps,  Zx  is  the  trans¬ 
verse  impedance  in  kQ/m,  and  n  >  0  for  instability.  For 
the  narrow  band  resistive  wall  growth  rate  IA  =  40  and 
=  1.1  /ms,  which  is  benign.  The  stripline  beam 
position  monitors  (BPMs)  have  a  transverse  resistance  of 
25k$7/m  near  100  MHz  and  a  large  bandwidth.  Taking 
I  A  =  100  gives  Im(Q)  =  5.3/ms.  This  is  a  large  growth 
rate,  but  the  wide  bandwidth  of  the  BPM  impedance  re¬ 
quires  that  the  finite  bunch  length  be  taken  into  account. 

Bunched  beam  stability  calculations  have  been  done  as¬ 
suming  an  air  bag  longitudinal  distribution  in  a  square  well 
[4,  5].  The  impedance  budget  includes  the  resistive  wall, 
BPMs,  extraction  kicker,  bellows,  and  transitions.  The  high 
frequency  narrow  band  resonances  associated  with  the  lat¬ 
ter  were  ignored.  The  extraction  kicker  impedance  was 
modeled  using  a  slightly  modified  version  of  the  Nassib- 
ian  Sacherer  formula[8j. 


z±H  = 


—iNcL  Zg/L 
g 2  Zg/L-iv 


where  N  is  the  number  of  kicker  modules,  L  is  the  induc¬ 
tance  per  module,  g  is  the  aperture  in  the  kick  direction, 
and  Zg  is  the  generator  impedance  of  the  pulse  forming 
network.  This  formula  differs  from  [8]  in  that  Z±  — >  0  as 
u  — >  00  here.  Both  have  identical  expressions  for  Re(Z±). 

Table  1  shows  the  growth  rate  of  the  most  unstable  mode 
as  a  function  of  space  charge  tune  shift  and  kicker  generator 
impedance.  The  growth  rates  are  for  2  x  1014  protons  and 
should  be  multiplied  by  0.5ms  to  obtain  the  number  of  e- 
folding  times  in  the  cycle.  In  the  worst  case  there  are  2.5 
e-folding  times  in  the  SNS  cycle.  An  initial  offset  of  1mm 
yields  1.2cm  at  extraction. 


4  ELECTRON  PROTON  INSTABILITY 

Very  fast,  high  frequency,  transverse  instabilities  have  been 
observed  in  the  Los  Alamos  PSR  and  the  AGS  Booster. 
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Table  1:  Transverse  bunched  beam  growth  rates  as  a 
function  of  space  charge  tune  shift  and  kicker  generator 
impedance. 


where  Aw  =  nwo  —  up  —  we.  For  unstable  conditions  the 
ratio  of  proton  to  electron  amplitudes  is  given  by 


A  Qsc 

1 

Zg  =  OO 

103s-1 

Zg  =  500$  2 
103s“1 

Zg  =  50fi 

10V-1 

Zg=  5Q 
103s“1 

0.00 

1.27 

1.41 

2.01 

3.85 

0.05 

1.37 

1.52 

4.58 

3.69 

0.10 

1.37 

3.14 

4.87 

3.70 

0.15 

1.37 

4.27 

4.99 

3.70 

0.20 

1.37 

4.99 

5.05 

3.70 

The  e-folding  times  (  ~  10  turns)  require  a  transverse  re¬ 
sistance  or  order  lMfl/m  which  is  significantly  larger  than 
can  be  accounted  for  by  the  lattice.  Additionally,  the  fre¬ 
quency  of  the  instability  depends  strongly  on  beam  param¬ 
eters  like  betatron  frequency  up,  which  requires  a  broad 
band  impedance.  An  alternate  driving  mechanism  is  the 
electrostatic  interaction  between  the  proton  beam  and  elec¬ 
trons  within  the  beam  pipe[9,  10, 1 1,  12]. 

Assume  a  coasting  proton  beam  of  radius  a  with  vertical 
offset 

Yp(0,  t)  —  Yp  exp[  i n!§  -  uQt )  +  i{up  +  8up)t] 

where  6  is  the  machine  azimuth  and  Sup  is  the  betatron 
frequency  shift.  Let  an  electron  cloud  be  trapped  by  the 
beam  with  vertical  offset 

Ye(8,  t)  =  Ye  exp  [in#  —  i(ue  -I-  Sue)t] 


Since  |Aw|  <  wo/2  for  some  n  the  beam  will  be  unsta¬ 
ble  if  ujp  >  Upup/Aue  which  gives  Yp  ~  wo Ye/ue  -C  Ye. 

Electrons  with  Ye  =  b  (the  pipe  radius)  will  be  created 
by  the  familiar  slow  loss  mechanisms.  As  /  increases  the 
beam  goes  unstable  and  the  electron  amplitudes  grow.  An 
electron  striking  the  beam  pipe  leads  to  secondary  emis¬ 
sion  which  can  cause  an  electron  cascade  and  beam  loss.  A 
key  parameter  is  the  kinetic  energy  the  electron  has  when 
it  strikes  the  wall.  This  is  easily  estimated  by  assuming  the 
electron  grazes  the  wall  on  one  oscillation  and  hits  it  on  the 
next.  If  only  one  side  of  the  vacuum  chamber  is  involved 
the  electron  velocity  on  impact  is  given  by 

ve  =  b\/ Airueui  (l  +  0{y/u,  /u^ 

where  uj  =  Im{Sue).  Assuming  Aw  =  0,  the  electron 
kinetic  energy  when  striking  the  wall  is 

KEe  =  7rme(we6)2,/Z™^.  (11) 

Y  7  mp  up 

Table  2  summarizes  the  observations  of  the  instability  in 
the  AGS  Booster  and  PSR.  For  /  =  1%  the  electrons  hit 
the  wall  with  an  energy  greater  than  lOOeV,  which  results  in 
a  secondary  emission  coefficient  greater  than  one  for  most 
metals.  With  /  =  1  both  machines  have  \YP/Ye\  <  0.1  so 
strong  multipactoring  is  required  for  fast  beam  loss. 


where 

/  elZp 
e  y  27r/3mea2 

is  the  incoherent  transverse  frequency  for  electrons  trapped 
within  the  proton  beam.  Of  course  5uie  —  —Sup  +  (nw o  — 
up  -  ue).  The  equations  of  motion  are  given  by 

Yp  =  —UpYp  +  Up(Ye  -  Yp)  (9) 

Ye  =  u2(Yp  —  Ye)  (10) 


Table  2:  Coasting  beam  instability  parameters 


where 


2  r  e  2 
Up  =  / — ui 
imp 


with  /  being  the  fractional  neutralization  due  to  the  elec¬ 
trons.  Assuming  Sup  <C  up  and  Sue  <C  ue 

2iup5upYp  —  UpYe ,  2%UqSuqYq  =  ueYp 


Solving  for  Sup  yields 


2 


AoM  U%Ue 
2  )  Aup 


MHz 

MHz 

cm 

1 

keV 

PSR  100 

6.0 

5 

1.85 

1.24 

Booster  80 

4.1 

6 

1.21 

1.52 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
1.  ORBITAL  MOTION  IN  STORAGE  RINGS 

A.  Fedorova,  M.  Zeitlin,  IPME,  RAS,  St.  Petersburg,  Russia  *  t 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications 
of  methods  from  wavelet  analysis  to  polynomial  approxi¬ 
mations  for  a  number  of  accelerator  physics  problems.  In 
this  part,  according  to  variational  approach  we  obtain  a  rep¬ 
resentation  for  orbital  particle  motion  in  storage  rings  as  a 
multiresolution  (multiscales)  expansion  in  the  base  of  well- 
localized  in  phase  space  wavelet  basis.  By  means  of  this 
’’wavelet  microscope”  technique  we  can  take  into  account 
contribution  from  each  scale  of  resolution. 


1  INTRODUCTION 

This  is  the  first  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  anal¬ 
ysis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  which  is  based  on 
our  approach  to  investigation  of  nonlinear  problems  -  gen¬ 
eral,  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum,  which  are 
considered  in  the  framework  of  local  (nonlinear)  Fourier 
analysis,  or  wavelet  analysis.  Wavelet  analysis  is  a  rela¬ 
tively  novel  set  of  mathematical  methods,  which  gives  us  a 
possibility  to  work  with  well-localized  bases  in  functional 
spaces  and  with  the  general  type  of  operators  (differential, 
integral,  pseudodifferential)  in  such  bases.  In  the  parts  1- 
8  we  consider  applications  of  wavelet  technique  to  non¬ 
linear  dynamical  problems  with  polynomial  type  of  non- 
linearities.  In  this  part  we  consider  this  very  useful  ap¬ 
proximation  in  the  case  of  orbital  motion  in  storage  rings. 
Approximation  up  to  octupole  terms  is  only  a  particular 
case  of  our  general  construction  for  n-poles.  Our  solutions 
are  parametrized  by  solutions  of  a  number  of  reduced  al¬ 
gebraical  problems  one  from  which  is  nonlinear  with  the 
same  degree  of  nonlinearity  and  the  rest  are  the  linear  prob¬ 
lems  which  correspond  to  particular  method  of  calculation 
of  scalar  products  of  functions  from  wavelet  bases  and  their 
derivatives. 


*  e-mail:  zeitlin@math.ipme.ru 

f  http://www.ipme.ru/zeitlin.html;  http://www.ipme.nw.ru/zeitlin.html 


2  ORBITAL  MOTION  IN  STORAGE 
RINGS 

We  consider  as  the  main  example  the  particle  motion  in 
storage  rings  in  standard  approach,  which  is  based  on  con¬ 
sideration  in  [9].  Starting  from  Hamiltonian,  which  de¬ 
scribed  classical  dynamics  in  storage  rings  H(r,P,t)  — 
c{ 7r2 +moC2  y/2+e<f>  and  using  Serret-Frenet  parametriza- 
tion,  we  have  after  standard  manipulations  with  truncation 
of  power  series  expansion  of  square  root  the  following  ap¬ 
proximated  (up  to  octupoles)  Hamiltonian  for  orbital  mo¬ 
tion  in  machine  coordinates: 


1  [px  +  H  •  z}2  +  \pz  -  H  •  x]2 
2'  [!  +  /(?,)] 

+Pa  -[1  +  Kx-X  +  Kz-  z]-  f{pa)  (1) 

+±.[K2x+9\.x*+1--[K2z-g)-z*-N-xz 

+  ^  ■  (x3  —  3xz2)  +  ~  •  (z4  —  6 x2z2  +  x4) 
o  24 


+ 


_L  L  eV^ 

Pq  2n  ■  h  Eo 


cos 


,  27 r 

h  '  ~L  '  a  "I”  ^ 


Then  we  use  series  expansion  of  function  f{pa)  from  [9]: 
f(Pv)  =  /( 0)  +  f'{0)p„  +  /"(0)p2/2  +  . .  ■  =  pa  - 
p2/(27§)  +  . . .  and  the  corresponding  expansion  of  RHS 
of  equations  corresponding  to  (1).  In  the  following  we  take 
into  account  only  an  arbitrary  polynomial  (in  terms  of  dy¬ 
namical  variables)  expressions  and  neglecting  all  nonpoly¬ 
nomial  types  of  expressions,  i.e.  we  consider  such  approxi¬ 
mations  of  RHS,  which  are  not  more  than  polynomial  func¬ 
tions  in  dynamical  variables  and  arbitrary  functions  of  in¬ 
dependent  variable  s  (’’time”  in  our  case,  if  we  consider  our 
system  of  equations  as  dynamical  problem). 


3  POLYNOMIAL  DYNAMICS 

The  first  main  part  of  our  consideration  is  some  variational 
approach  to  this  problem,  which  reduces  initial  problem  to 
the  problem  of  solution  of  functional  equations  at  the  first 
stage  and  some  algebraical  problems  at  the  second  stage. 
We  have  the  solution  in  a  compactly  supported  wavelet  ba¬ 
sis.  Multiresolution  expansion  is  the  second  main  part  of 
our  construction.  The  solution  is  parameterized  by  solu¬ 
tions  of  two  reduced  algebraical  problems,  one  is  nonlinear 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


1614 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


and  the  second  is  some  linear  problem,  which  is  obtained 
from  the  method  of  Connection  Coefficients  (CC). 

3. 1  Variational  Method 

Our  problems  may  be  formulated  as  the  systems  of  ordi¬ 
nary  differential  equations 

dxi/dt  =  ( i,j  =  1,  ...,n)  (2) 

with  fixed  initial  conditions  Xj(0),  where  fi  are  not  more 
than  polynomial  functions  of  dynamical  variables  Xj  and 
have  arbitrary  dependence  of  time.  Because  of  time  dila¬ 
tion  we  can  consider  only  next  time  interval:  0  <  t  <  1. 
Let  us  consider  a  set  of  functions  $<(f)  =  Xidyi/dt  +  fiVi 
and  a  set  of  functionals 

Fi(x)  =  f  ®i(t)dt  -  Xiyi  |J,  (3) 

Jo 

where  j/i(f)(?/i(0)  =  0)  are  dual  variables.  It  is  obvious 
that  the  initial  system  and  the  system 

Fi(x)  =  0  (4) 

are  equivalent.  In  the  following  parts  we  consider  an  ap¬ 
proach,  which  is  based  on  taking  into  account  underlying 
symplectic  structure  and  on  more  useful  and  flexible  ana¬ 
lytical  approach,  related  to  bilinear  structure  of  initial  func¬ 
tional.  Now  we  consider  formal  expansions  for  x*  ,yf. 

Xi(t)  =  Xi(  0)  +  J2X*Vk(t)  yj(t)  =  (5) 

k  r 

where  because  of  initial  conditions  we  need  only  <^*(0)  = 
0.  Then  we  have  the  following  reduced  algebraical  system 
of  equations  on  the  set  of  unknown  coefficients  A*  of  ex¬ 
pansions  (5): 

X>fcrA?-7r(A,-)  =  0  (6) 

k 

Its  coefficients  are 

Vkr  =  [  Vk  (t)'fir(t)dt,  (7) 

Jo 

7 i  =  [  fi(xj,t)<pr(t)dt. 

Jo 

Now,  when  we  solve  system  (6)  and  determine  unknown 
coefficients  from  formal  expansion  (5)  we  therefore  obtain 
the  solution  of  our  initial  problem.  It  should  be  noted  if  we 
consider  only  truncated  expansion  (5)  with  N  terms  then  we 
have  from  (6)  the  system  of  N  x  n  algebraical  equations  and 
the  degree  of  this  algebraical  system  coincides  with  degree 
of  initial  differential  system.  So,  we  have  the  solution  of 
the  initial  nonlinear  (polynomial)  problem  in  the  form 

N 

x,(f)  =  x,(0)  +  ^A*Xfe(f),  (8) 

k= 1 


where  coefficients  A*  are  roots  of  the  corresponding  re¬ 
duced  algebraical  problem  (6).  Consequently,  we  have  a 
parametrization  of  solution  of  initial  problem  by  solution 
of  reduced  algebraical  problem  (6).  The  first  main  problem 
is  a  problem  of  computations  of  coefficients  of  reduced  al¬ 
gebraical  system.  As  we  will  see,  these  problems  may  be 
explicitly  solved  in  wavelet  approach.  The  obtained  so¬ 
lutions  are  given  in  the  form  (8),  where  Xk(t)  are  basis 
functions  and  A*,  are  roots  of  reduced  system  of  equations. 
In  our  case  Xk(t )  are  obtained  via  multiresolution  expan¬ 
sions  and  represented  by  compactly  supported  wavelets  and 
A^  are  the  roots  of  corresponding  general  polynomial  sys¬ 
tem  (6)  with  coefficients,  which  are  given  by  CC  construc¬ 
tion.  According  to  the  variational  method  to  give  the  reduc¬ 
tion  from  differential  to  algebraical  system  of  equations  we 
need  compute  the  objects  7^  and  fiji,  which  are  constructed 
from  objects: 

<?i  =  [  Xl(r)dT,  i/ij  =  [  Xi(T)Xj(T)dT, 

Jo  Jo 

Pji  =  J  X[{r)X3{T)dT,  (9) 

Pkij  =  f  XktfXMXjW&r 
Jo 

for  the  simplest  case  of  Riccati  systems  (sextupole  approx¬ 
imation),  where  degree  of  nonlinearity  equals  to  two.  For 
the  general  case  of  arbitrary  n  we  have  analogous  to  (9)  it¬ 
erated  integrals  with  the  degree  of  monomials  in  integrand 
which  is  one  more  bigger  than  degree  of  initial  system. 

3.2  Wavelet  Computations 

Now  we  give  construction  for  computations  of  objects  (9) 
in  the  wavelet  case.  We  present  some  details  of  wavelet 
machinery  in  part  2.  We  use  compactly  supported  wavelet 
basis  (Fig.  1 ,  for  example):  orthonormal  basis  for  functions 
in  L2(R). 


Figure  1 :  Wavelets  at  different  scales  and  locations 
Let  be  /  :  R  — »  C  and  the  wavelet  expansion  is 

OO 

f(X)  =  cwdx)  +  X)  ^2  Cjki’jkix)  (10) 
rez  j= 0 fcez 
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If  in  formulae  (10)  c,-*  =  0  for  j  >  J,  then  /(x)  has  an 
alternative  expansion  in  terms  of  dilated  scaling  functions 
only  /(x )  =  cJCPJt{x)-  This  is  a  finite  wavelet  ex¬ 

pansion,  it  can  be  written  solely  in  terms  of  translated  scal¬ 
ing  functions.  Also  we  have  the  shortest  possible  support: 
scaling  function  DN  (where  TV  is  even  integer)  will  have 
support  [0,  TV  —  1]  and  TV/2  vanishing  moments.  There 
exists  A  >  0  such  that  DN  has  A N  continuous  deriva¬ 
tives;  for  small  N,  A  >  0.55.  To  solve  our  second  asso¬ 
ciated  linear  problem  we  need  to  evaluate  derivatives  of 
f(x)  in  terms  of  <p(x).  Let  be  =  d"<^(x)/dx".  We 
consider  computation  of  the  wavelet  -  Galerkin  integrals. 
Let  fd(  x)  be  d-derivative  of  function  /(x),  then  we  have 
fd(x)  —  YlecWe(x)>  anfi  values  <pd(x)  can  be  expanded 
in  terms  of  <p(x) 

4>i :(x)  =  E  A  mlPmi,x)i  (11) 

m 

where  A m  =  f  <pd(x)<pm(x)dx  are  wavelet-Galerkin  in¬ 
tegrals.  The  coefficients  Am  are  2-term  connection  coeffi¬ 
cients.  In  general  we  need  to  find  ( di  >  0) 


oo 


xdid2...dn 

=  j  IRM* 

— oo 

(12) 

For  Riccati  case  (sextupole)  we  need  to  evaluate  two  and 
three  connection  coefficients 

Adld2  = 

/  <pdl  (x)dx, 

J — OO 

(13) 

^didzd3  _ 

oo 

f  (x)</>*(x)dx 

— oo 


According  to  CC  method  [10]  we  use  the  next  construc¬ 
tion.  When  N  in  scaling  equation  is  a  finite  even  positive 
integer  the  function  ip(x)  has  compact  support  contained  in 
[0,  TV  — 1].  For  a  fixed  triple  only  some 

are  nonzero:  2-TV<f<TV-2,  2  —  N  <  m  < 

TV-2,  |f  —  m|  <  TV  —  2.  There  are  M  =  3TV2  -  9TV  +  7 
such  pairs  (£,  m).  Let  Kdld2(i3  be  an  M-vector,  whose  com¬ 
ponents  are  numbers  Ad^2da.  Then  we  have  the  first  re¬ 
duced  algebraical  system  :  A  satisfy  the  system  of  equa¬ 
tions  (d  =  d\  +  d-2  +  <^3) 

j^dukdt  _  21~dNdld2da  (14) 

Ae  ,m;q>r  —  ^  ^  ClpCLg— — 2 m+p- 
V 

By  moment  equations  we  have  created  a  system  of  M+d+ 
1  equations  in  M  unknowns.  It  has  rank  M  and  we  can  ob¬ 
tain  unique  solution  by  combination  of  LU  decomposition 
and  QR  algorithm.  The  second  reduced  algebraical  sys¬ 
tem  gives  us  the  2-term  connection  coefficients.  For  non¬ 
quadratic  case  we  have  analogously  additional  linear  prob¬ 
lems  for  objects  (12).  Solving  these  linear  problems  we 
obtain  the  coefficients  of  nonlinear  algebraical  system  (6) 


and  after  that  we  obtain  the  coefficients  of  wavelet  expan¬ 
sion  (8).  As  a  result  we  obtained  the  explicit  time  solution 
of  our  problem  in  the  base  of  compactly  supported  wavelets 
with  the  best  possible  localization  in  the  phase  space,  which 
allows  us  to  control  contribution  from  each  scale  of  under¬ 
lying  multiresolution  expansions. 

In  the  following  parts  we  consider  extension  of  this  ap¬ 
proach  to  the  case  of  (periodic)  boundary  conditions,  the 
case  of  presence  of  arbitrary  variable  coefficients  and  more 
flexible  biorthogonal  wavelet  approach. 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC),  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement. 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
6.  REPRESENTATIONS  AND  QUASICLASSICS  VIA  FWT 

A.  Fedorova,  M.  Zeitlin.  IPME,  RAS,  St.  Petersburg,  Russia  * t 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
part  we  consider  application  of  FWT  to  metaplectic  repre- 
sentation(quantum  and  chaotical  problems)  and  quasiclas¬ 
sics. 


1  INTRODUCTION 

This  is  the  sixth  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  anal¬ 
ysis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  in  which  we  con¬ 
sidered  the  applications  of  a  number  of  analytical  methods 
from  nonlinear  (local)  Fourier  analysis,  or  wavelet  analy¬ 
sis,  to  nonlinear  accelerator  physics  problems  both  general 
and  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum.  Wavelet 
analysis  is  a  relatively  novel  set  of  mathematical  methods, 
which  gives  us  a  possibility  to  work  with  well-localized 
bases  in  functional  spaces  and  with  the  general  type  of 
operators  (differential,  integral,  pseudodifferential)  in  such 
bases.  In  contrast  with  parts  1-4  in  parts  5-8  we  try  to 
take  into  account  before  using  power  analytical  approaches 
underlying  algebraical,  geometrical,  topological  structures 
related  to  kinematical,  dynamical  and  hidden  symmetry  of 
physical  problems.  In  part  2  according  to  the  orbit  method 
and  by  using  construction  from  the  geometric  quantization 
theory  we  construct  the  symplectic  and  Poisson  structures 
associated  with  generalized  wavelets  by  using  metaplectic 
structure.  In  part  3  we  consider  applications  of  very  useful 
fast  wavelet  transform  technique  (FWT)  (part  4)  to  calcu¬ 
lations  in  quasiclassical  evolution  dynamics.  This  method 
gives  maximally  sparse  representation  of  (differential)  op¬ 
erator  that  allows  us  to  take  into  account  contribution  from 
each  level  of  resolution. 

2  METAPLECTIC  GROUP  AND 
REPRESENTATIONS 

Let  Sp(n )  be  symplectic  group,  Mp(n )  be  its  unique  two¬ 
fold  covering  -  metaplectic  group  [9].  Let  V  be  a  sym- 

*  e-mail:  zeitlin@math.ipme.ru 

t  http://www.ipme.ru/zeitlin.html:  http://www.ipme.nw.ru/zeitlin.html 


plectic  vector  space  with  symplectic  form  ( , ),  then  R  ©  V 
is  nilpotent  Lie  algebra  -  Heisenberg  algebra:  [i?,  V]  = 
0,  [w,  w]  =  (v,  w)  €  R,  [V,  F]  =  R.  Sp(V)  is  a  group 
of  automorphisms  of  Heisenberg  algebra.  Let  N  be  a  group 
with  Lie  algebra  R  ©  V,  i.e.  Heisenberg  group.  By  Stone- 
von  Neumann  theorem  Heisenberg  group  has  unique  irre¬ 
ducible  unitary  representation  in  which  1  i — » i.  Let  us  also 
consider  the  projective  representation  of  symplectic  group 
Sp(V):  UgjU92  =  c(gi,g2)  ■  Ugi92,  where  c  is  a  map: 
Sp(V)  x  Sp(V)  — *  S1,  i.e.  c  is  51-cocycle.  But  this  rep¬ 
resentation  is  unitary  representation  of  universal  covering, 
i.e.  metaplectic  group  Mp(V).  We  give  this  representa¬ 
tion  without  Stone- von  Neumann  theorem.  Consider  a  new 
group  F  =  N'  cxi  Mp(V),  ixi  is  semidirect  product  (we 
consider  instead  of  N  =  R  ©  V  the  N'  =  S1  x  V,  S1  = 
( R/2nZ )).  Let  V*  be  dual  to  V,  G(V*)  be  automorphism 
group  of  F*.Then  F  is  subgroup  of  G(V*),  which  consists 
of  elements,  which  acts  on  V*  by  affine  transformations. 
This  is  the  key  point!  Let  qi,  ...,qn;pi,  ...,pn  be  symplec¬ 
tic  basis  in  V,  a  =  pdq  =  Y^PidQi  and  da  be  symplectic 
form  on  V*.  Let  M  be  fixed  affine  polarization,  then  for 
a  €  F  the  map  a  0a  gives  unitary  representation  of  G: 
©0  :  H(M)  — >  H(M).  Explicitly  we  have  for  representa¬ 
tion  of  N  on  H(M):  (Qgf)*(x)  =  e~iqxf(x),  Qpf(x)  = 
f(x  -  p)  The  representation  of  N  on  H(M)  is  irreducible. 
Let  Ag,  Ap  be  infinitesimal  operators  of  this  representation 

Aq  =  jl0-4®  ~  J5>  ap  =  -  J)> 

then  Aqf(x)  =  i(qx)f(x),  Apf{x )  = 

Now  we  give  the  representation  of  infinitesimal  basic  ele¬ 
ments.  Lie  algebra  of  the  group  F  is  the  algebra  of  all  (non- 
homogeneous)  quadratic  polynomials  of  (p,q)  relatively 
Poisson  bracket  (PB).  The  basis  of  this  algebra  consists  of 
elements  l,9i,  —,9n,  Pii.")Pn»  QiQj>QiPj>  PiPji  ~ 
l,...,n,  i  <  j, 


df  dg 
dqi  dpi 


and  {l,^}  =  0  /or  all  <7, 

{.Pi !  Qj }  =  &ij >  {PiQjiQk}  —  fiikQj, 

{PiQj )  Pk)  =  ~3jkPij  {_PiPj  1  Pk  }  =  0, 

{piPj i  Qk }  =  fiikPj  4"  SjkPii  {QiQjiQk}  =  0, 
{<tiQj i Pk}  —  ~$ikQj  ~~  fijkQi 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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so,  we  have  the  representation 

ixk, 

d  i  9  ,  1x 

i  dk  -ki 

This  gives  the  structure  of  the  Poisson  manifolds  to  rep¬ 
resentation  of  any  (nilpotent)  algebra  or  in  other  words  to 
continuous  wavelet  transform.  According  to  this  approach 
we  can  construct  by  using  methods  of  geometric  quantiza¬ 
tion  theory  many  ’’symplectic  wavelet  constructions”  with 
corresponding  symplectic  or  Poisson  structure  on  it.  Then 
we  may  produce  symplectic  invariant  wavelet  calculations 
for  PB  or  commutators  which  we  may  use  in  quantization 
procedure  or  in  chaotic  dynamics  (part  8)  via  operator  rep¬ 
resentation  from  section  4. 

3  QUASICLASSICAL  EVOLUTION 


where  a  =  (ai , . . . ,  a„)  is  a  multi-index,  |a|  =  c*i  + . . .  + 
a„,Dx  =  -ihdx-  So,  evolution  (1)  for  symbol  bt(x,  £;  ft) 
is 

=  +  !  £  (-O'9!-  .  0) 

|a|+,9|=j>l 

hj(d£HD%bt)  •  (flfbtDJW). 

At  ft  =  0  this  equation  transforms  to  classical  Liouville 
equation 

bt  =  {n,bt}-.  O) 

Equation  (2)  plays  a  key  role  in  many  quantum  (semiclas- 
sical)  problem.  We  note  only  the  problem  of  relation  be¬ 
tween  quantum  and  classical  evolutions  or  how  long  the 
evolution  of  the  quantum  observables  is  determined  by  the 
corresponding  classical  one  [9].  Our  approach  to  solution 
of  systems  (2),  (3)  is  based  on  our  technique  from  [l]-[8] 
and  very  useful  linear  parametrization  for  differential  oper¬ 
ators  which  we  present  in  the  next  section. 


of  basic  elements  /  Aj  : 


Let  us  consider  classical  and  quantum  dynamics  in  phase 
space  fl  =  R2m  with  coordinates  (x,  £)  and  generated  by 
Hamiltonian  H(x,  £)  G  C°°(£l\R).  If  :  £1  *  fi  is 

(classical)  flow  then  time  evolution  of  any  bounded  clas¬ 
sical  observable  or  symbol  6(x,£)  €  C°°(fi,R)  is  given 
by  6t(x,£)  =  b($l*(x,  £)).  Let  H  =  Opw  (H)  and 
B  =  Opw  (6)  are  the  self-adjoint  operators  or  quantum 
observables  in  L2(Rn),  representing  the  Weyl  quantization 
of  the  symbols  H,  b  [9] 


{Bu){x)  = 


ei<x-v)^>/hu{y)dyd^1 


where  u  G  S(Rn)  and  Bt  =  eiHt>hBe-iHt>h  be  the 
Heisenberg  observable  or  quantum  evolution  of  the  observ¬ 
able  B  under  unitary  group  generated  by  H.  Bt  solves 
the  Heisenberg  equation  of  motion  Bt  =  {i/h)  [H,  Bt)  ■  Let 
6t(x,£;  ft)  is  a  symbol  of  Bt  then  we  have  the  following 
equation  for  it 

bt  =  {'H,  bt}M,  (1) 

with  the  initial  condition  b0(x,£,  h)  =  &(x,£).  Here 
{/,5}m(x,C)  is  the  Moyal  brackets  of  the  observables 

f,ge  c°°{R2n),  {/,  9}m(x,Q  =  fig  -  $#/, where  fig 

is  the  symbol  of  the  operator  product  and  is  presented  by 
the  composition  of  the  symbols  /,  g 


(27rft)n/2  JR4 


0-i<r,p>/h+i<u,T>/h 


■f(x  +  u),p  +  0-g(x  +  r’T  +  ^)d/odrdrd£j. 


For  our  problems  it  is  useful  that  {/,  g}M  admits  the  formal 
expansion  in  powers  of  ft: 

{/,  5>m(x,  ?)  ~  {/,  g}  +  2~3  ■ 

£  (-l)l^1  •  {d%fD*g)  •  ( dlgD°f ), 

|«+/3|=J>1 


4  FAST  WAVELET  TRANSFORM  FOR 
DIFFERENTIAL  OPERATORS 

Let  us  consider  multiresolution  representation  ...  C  Vi  C 
Vj  C  Vq  C  V-i  C  V—2  •  •  •  (see  our  other  papers  from 
this  series  for  details  of  wavelet  machinery).  Let  T  be  an 
operator  T  :  L2(R)  — >  L2(R),  with  the  kernel  K(x,y ) 
and  Pj  :  L2(R)  ->  Vj  (j  €  Z)  is  projection  opera¬ 
tors  on  the  subspace  Vj  corresponding  to  j  level  of  res¬ 
olution:  ( Pjf){z )  =  Ylk  <  f'Vi.k  >  Vj,k(x)-  Let 
Qj  =  Pj- 1  -  Pj  is  the  projection  operator  on  the  sub¬ 
space  Wj  then  we  have  the  following  ’’microscopic  or  tele¬ 
scopic”  representation  of  operator  T  which  takes  into  ac¬ 
count  contributions  from  each  level  of  resolution  from  dif¬ 
ferent  scales  starting  with  coarsest  and  ending  to  finest 

scales  [10]:  T  =  Z3ez(QjTQ>  +  QiTPi  +  We 

remember  that  this  is  a  result  of  presence  of  affine  group  in¬ 
side  this  construction.  The  non-standard  form  of  operator 
representation  [10]  is  a  representation  of  an  operator  T  as 
a  chain  of  triples  T  =  {Ajt  Bj,Tj}j€z,  acting  on  the  sub¬ 
spaces  Vj  and  Wj :  Aj  :  Wj  — >  Wj,Bj  :  Vj  — >  Wj,Tj  : 
Wj  — >  Vj,  where  operators  {Aj,Bj,Tj}j€z  are  defined 
as  Aj  =  QjTQj,  Bj  =  QjTPj,  Tj  =  PjTQj.  The 
operator  T  admits  a  recursive  definition  via 


where  Tj  =  PjTPj  and  Tj  works  on  Vj  :  Vj  ->  Vj. 
It  should  be  noted  that  operator  Aj  describes  interaction 
on  the  scale  j  independently  from  other  scales,  opera¬ 
tors  Bj ,  F j  describe  interaction  between  the  scale  j  and  all 
coarser  scales,  the  operator  Tj  is  an  ’’averaged”  version  of 
Tj_i.  The  operators  Aj,Bj,Tj,  Tj  are  represented  by  ma- 
trices  ,  sJ 

a{k ,  =  J  J  K(x,y)^j,k{x)rpj,k'(y)dxdy 
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P3k,k'  =  J  J  K (x’  (x)<Pj,k'  (y)dxdy  (4) 

Tfe.fc'  =  J  J  K{x,y)ipj,k{x)ipj,k'{y)dxdy 

si,k'  =  J  J  K(x>  y)vj,k(x)vj,k'{y)te&y 

We  may  compute  the  non-standard  representations  of  oper¬ 
ator  d/dx  in  the  wavelet  bases  by  solving  a  small  system 
of  linear  algebraical  equations.  So,  we  have  for  objects  (4) 

2~j  J  4>(2~jx  -  -  £)2~jdx 

2  ~jai-e 

2~i  J  —  i)<p'( 2_Jx  -  £)2~:’dx 

2  ~jPi-e 

J  ifi(2~-’x  —  i)ip'(  2~ix  —  £)2~idx 


oP 

“i,< 


ft* 

where 


=  2~J 


=  2  i-e, 


/J 

tjj(x  —  £)—ip(x)dx 
Pe  =  Jip(x-£)-^tp(x)dx 
<fi{x  -  £)—ip{x)dx 

then  by  using  refinement  equations  we  have  in  terms  of  fil¬ 
ters  (hk,gk): 

L—l L-l 


Otj  =  2  EE  9k9k'1~2i+k-k 'i 

fe=0  fc'=0 
L-l L-l 

Pj  =  9khk’r2i+k-k’ , 

k= 0  fc'=0 
L-l L-l 

li  =  2  EE  h'k9k'T’2i+k—k'  ? 


fc=0  fc'=0 


where  re  =  f  <f(x  -  £)-^ip(x) dx,£  6  Z.  Therefore,  the 
representation  of  d/dx  is  completely  determined  by  the  co¬ 
efficients  re  or  by  representation  of  d/dx  only  on  the  sub¬ 
space  Vo.  The  coefficients  re ,  £  €  Z  satisfy  the  following 
system  of  linear  algebraical  equations 


re  =  2 


1  LI  2 

r2 1  +  ~  E (i2k-i{r2e-2k+i  +  r2e+2k-i) 
1  k= i 


and  Ylef~re  =  _1.  where  a2k-i  =  2  £f=02fe  hihi+2k-i, 
k  =  1, . . . ,  L/2  are  the  autocorrelation  coefficients  of  the 
filter  H .  If  a  number  of  vanishing  moments  M  >  2  then 
this  linear  system  of  equations  has  a  unique  solution  with 
finite  number  of  non-zero  re,  re  ^  0  for  —L  +  2  < 


£  <  L  —  2,  re  —  -r-e-  For  the  representation  of  op¬ 
erator  dn/dxn  we  have  the  similar  reduced  linear  system 
of  equations.  Then  finally  we  have  for  action  of  operator 
Tj (Tj  :  Vj  — »  Vj)  on  sufficiently  smooth  function  /: 

( Tjf){x )  =  E  k'E^H  %*(*)• 

k€Z  \  l  ) 

where  Vj,k(x)  =  2~^2tp(2~:’x  —  k )  is  wavelet  basis  and 

fj,k- 1  ~  2_i/2  J  f(x)tp(2~jx  -k  +  £)dx 

are  wavelet  coefficients.  So,  we  have  simple  linear  para- 
metrization  of  matrix  representation  of  our  differential  op¬ 
erator  in  wavelet  basis  and  of  the  action  of  this  operator  on 
arbitrary  vector  in  our  functional  space.  Then  we  may  use 
such  representation  in  all  preceding  sections. 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC)  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
(UCLA)  for  their  permanent  encouragement. 
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NONLINEAR  ACCELERATOR  PROBLEMS  VIA  WAVELETS: 
7.  INVARIANT  CALCULATIONS  IN  HAMILTON  PROBLEMS 

A.  Fedorova,  M.  Zeitlin.  IPME,  RAS,  St.  Petersburg,  Russia  * t 


Abstract 

In  this  series  of  eight  papers  we  present  the  applications  of 
methods  from  wavelet  analysis  to  polynomial  approxima¬ 
tions  for  a  number  of  accelerator  physics  problems.  In  this 
paper  we  consider  invariant  formulation  of  nonlinear  (La- 
grangian  or  Hamiltonian)  dynamics  on  semidirect  structure 
(relativity  or  dynamical  groups)  and  corresponding  invari¬ 
ant  calculations  via  CWT. 

1  INTRODUCTION 

This  is  the  seventh  part  of  our  eight  presentations  in  which 
we  consider  applications  of  methods  from  wavelet  analy¬ 
sis  to  nonlinear  accelerator  physics  problems.  This  is  a 
continuation  of  our  results  from  [l]-[8],  in  which  we  con¬ 
sidered  the  applications  of  a  number  of  analytical  methods 
from  nonlinear  (local)  Fourier  analysis,  or  wavelet  analy¬ 
sis,  to  nonlinear  accelerator  physics  problems  both  general 
and  with  additional  structures  (Hamiltonian,  symplectic  or 
quasicomplex),  chaotic,  quasiclassical,  quantum.  Wavelet 
analysis  is  a  relatively  novel  set  of  mathematical  methods, 
which  gives  us  a  possibility  to  work  with  well-localized 
bases  in  functional  spaces  and  with  the  general  type  of 
operators  (differential,  integral,  pseudodifferential)  in  such 
bases.  In  contrast  with  parts  1-4  in  parts  5-8  we  try  to 
take  into  account  before  using  power  analytical  approach¬ 
es  underlying  algebraical,  geometrical,  topological  struc¬ 
tures  related  to  kinematical,  dynamical  and  hidden  sym¬ 
metry  of  physical  problems.  We  described  a  number  of 
concrete  problems  in  parts  1-4.  The  most  interesting  case 
is  the  dynamics  of  spin-orbital  motion  (part  4).  In  sec¬ 
tion  2  we  consider  dynamical  consequences  of  covariance 
properties  regarding  to  relativity  (kinematical)  groups  and 
continuous  wavelet  transform  (CWT)  (in  section  3)  as  a 
method  for  the  solution  of  dynamical  problems.  We  intro¬ 
duce  the  semidirect  product  structure,  which  allows  us  to 
consider  from  general  point  of  view  all  relativity  groups 
such  as  Euclidean,  Galilei,  Poincare.  Then  we  consider 
the  Lie-Poisson  equations  and  obtain  the  manifestation  of 
semiproduct  structure  of  (kinematic)  symmetry  group  on 
dynamical  level.  So,  correct  description  of  dynamics  is 
a  consequence  of  correct  understanding  of  real  symmetry 
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of  the  concrete  problem.  We  consider  the  Lagrangian  the¬ 
ory  related  to  semiproduct  structure  and  explicit  form  of 
variation  principle  and  corresponding  (semidirect)  Euler- 
Poincare  equations.  In  section  3  we  consider  CWT  and  the 
corresponding  analytical  technique  which  allows  to  consid¬ 
er  covariant  wavelet  analysis.  In  part  8  we  consider  in  the 
particular  case  of  affine  Galilei  group  with  the  semiproduct 
structure  the  corresponding  orbit  technique  for  construct¬ 
ing  different  types  of  invariant  wavelet  bases. 

2  DYNAMICS  ON  SEMIDIRECT 
PRODUCTS 

Relativity  groups  such  as  Euclidean,  Galilei  or  Poincare 
groups  are  the  particular  cases  of  semidirect  product  con¬ 
struction,  which  is  very  useful  and  simple  general  construc¬ 
tion  in  the  group  theory  [9],  We  may  consider  as  a  basic 
example  the  Euclidean  group  SE(3)  =  50(3)  tx  R3,  the 
semidirect  product  of  rotations  and  translations.  In  general 
case  we  have  S  =  G  ix  V,  where  group  G  (Lie  group  or 
automorphisms  group)  acts  on  a  vector  space  V  and  on  its 
dual  V*.  Let  V  be  a  vector  space  and  G  is  the  Lie  group, 
which  acts  on  the  left  by  linear  maps  on  V  (G  also  acts  on 
the  left  on  its  dual  space  V*).  The  Lie  algebra  of  S  is  the 
semidirect  product  Lie  algebra,  s  —  Q  ix  V  with  brackets 
[(Cii«i),(6.«2)]  =  ([£i,?2]»€i«2 where  the  in¬ 
duced  action  of  Q  by  concatenation  is  denoted  as  £it>2.  Let 
{g,v)  ES=GxV,  (e,u)es  =  gxV,(/i,a)€s*  = 
G*xV*,g£  =  Adgi,  gp  —  p,  ga  denote  the  induced 
left  action  of  g  on  a  (the  left  action  of  G  on  V  induces  a  left 
action  on  V*  —  the  inverse  of  the  transpose  of  the  action 
on  V),  pv  :  Q  ->  V  is  a  linear  map  given  by  pv(£)  —  £v, 
p*  :  V*  -»  Q*  is  its  dual.  Then  adjoint  and  coadjoint 
actions  are  given  by  simple  concatenation:  (</,  v)(£,  u)  = 
{9t,gu- {g£)v),  (g,v){p,a)  =  (gp  +  p*v(ga),ga).  Also, 
let  be  pi  a  =  v  o  a  G  Q*  for  a  6  V* ,  which  is  a  bilin¬ 
ear  operation  in  v  and  a.  So,  we  have  the  coadjoint  action: 
(g,v)(p,a)  =  (gp  +  v o(ga),  ga).  Using  concatenation  no¬ 
tation  for  Lie  algebra  actions  we  have  alternative  definition 
ofrofl  G  G* ■  For  all  v  G  V,  a  G  V*,  r]  G  G  we  have 
<  T]a,  v  >=  —  <  v  o  a,  r]  >. 

Now  we  consider  the  manifestation  of  semiproduct 
structure  of  symmetry  group  on  dynamical  level.  Let 
F,  G  be  real  valued  functions  on  the  dual  space  ?*,  /i  G 
G*  ■  Functional  derivative  of  F  at  p  is  the  unique  ele- 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


1620 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


ment  SF/Sji  £  Q :  lim£_y0[i7’(/^  +  £Sfi)  ~  F{(i/\/c.  =< 
Sfi,SF/S(t  >  for  all  Sji  £  Q* ,  <,>  is  pairing  be¬ 
tween  Q*  and  Q.  Define  the  (±)  Lie-Poisson  brackets  by 
{F,G}±(fi)  =  ±  <  p,[6F/6ii,6G/6it]  >  .  The  Lie- 
Poisson  equations,  determined  by  F  =  {F,  H}  or  intrinsi¬ 
cally  fi  =  Fad*gH/a^/i.  For  the  left  representation  of  G  on 
V  ±  Lie-Poisson  bracket  of  two  functions  /,  k  :  s*  -*  R  is 
given  by 


{/,*>!(*<■)  = 

S£Sk  _  &^SJ_ 
±  <  U’  Sji  Sa  Sji  Sa 


(1) 


where  Sf/Sji  £  Q,  Sf/Sa  £  V  are  the  functional  deriva¬ 
tives  of  f.  The  Hamiltonian  vector  field  of  h  :  s*  £  R 
has  the  expression  Xh(fi,a)  =  T{adgh,Slifi  —  Sh/Sa  o 
a,  —Sh/S/ia).  Thus,  Hamiltonian  equations  on  the  dual  of 
a  semidirect  product  are  [9]: 


-  ,  Sh 

li  =  TadSh/Slifi  ±  -j-  o 


.  ,  Sh 

a  =  ±—a 
0(1 


(2) 


So,  we  can  see  the  explicit  contribution  to  the  Poisson 
brackets  and  the  equations  of  motion  which  come  from  the 
semiproduct  structure. 

Now  we  consider  according  to  [9]  Lagrangian  side  of 
a  theory.  This  approach  is  based  on  variational  principles 
with  symmetry  and  is  not  dependent  on  Hamiltonian  for¬ 
mulation,  although  it  is  demonstrated  in  [9]  that  this  pure¬ 
ly  Lagrangian  formulation  is  equivalent  to  the  Hamiltoni¬ 
an  formulation  on  duals  of  semidirect  product  (the  corre¬ 
sponding  Legendre  transformation  is  a  diffeomorphism). 
We  consider  the  case  of  the  left  representation  and  the  left 
invariant  Lagrangians  (t  and  L),  which  depend  in  addition¬ 
al  on  another  parameter  a  £  V*  (dynamical  parameter), 
where  V  is  representation  space  for  the  Lie  group  G  and 
L  has  an  invariance  property  related  to  both  arguments.  It 
should  be  noted  that  the  resulting  equations  of  motion,  the 
Euler-Poincare  equations,  are  not  the  Euler-Poincare  equa¬ 
tions  for  the  semidirect  product  Lie  algebra  Q  tx  V*  or 
Q  cxi  V.  So,  we  have  the  following: 

1.  There  is  a  left  representation  of  Lie  group  G  on  the 
vector  space  V  and  G  acts  in  the  natural  way  on  the  left 
on  TG  x  V*  :  h(vg,a)  =  ( hvg,ha ).  2.  The  function 
L  :  TG  x  V*  £  R  is  the  left  G-invariant.  3.  Let  a0  £ 
V*,  Lagrangian  Lao  :  TG  -»  R,  Lao( vg)  =  L(vg,a0). 
Lao  is  left  invariant  under  the  lift  to  TG  of  the  left  action 
of  Gao  on  G,  where  Gao  is  the  isotropy  group  of  ao.  4. 
Left  G-invariance  of  L  permits  us  to  define  l  :  Q  x  V*  -> 
R  by  t{g~1vg,g~1ao)  —  L(vg,  ao).  This  relation  defines 
for  any  £  :  Q  x  V*  — A  R  the  left  G-invariant  function 
L  :  TG  x  V*  — >  R.  5.  For  a  curve  g(t)  £  G  let  be 
£(t)  :=  g(t)~lg(t)  and  define  the  curve  a(t)  as  the  unique 
solution  of  the  following  linear  differential  equation  with 
time  dependent  coefficients  a(t)  =  —£(t)a(t),  with  initial 
condition  a(0)  =  a0.  The  solution  can  be  written  as  a(t)  = 
g(t)~la  o- 


Then  we  have  four  equivalent  descriptions  of  the  cor¬ 
responding  dynamics:  1.  If  ao  is  fixed  then  Hamilton’s 
variational  principle  5  Lao(g(t).g(t)dt  =  0  holds  for 
variations  Sg(t)  of  g(t)  vanishing  at  the  endpoints.  2.  g(t) 
satisfies  the  Euler-Lagrange  equations  for  Lao  on  G.  3.  The 
constrained  variational  principle  S  f**  £(£(f),  a(t))dt  =  0 
holds  on  Q  x  V*,  using  variations  of  £  and  a  of  the  form 
6£  =  f)  +  [£,  Tj],  Sa  =  —Tja,  where  rj(t)  £  Q  vanishes  at  the 
endpoints.  4,  The  Euler-Poincare  equations  hold  onQxV* 


d  SI  „  St  St 

dtsl  =  ad^  +  s^oa 


(3) 


So,  we  may  apply  our  wavelet  methods  either  on  the  level 
of  variational  formulation  or  on  the  level  of  Euler-Poincare 
equations. 


3  CONTINUOUS  WAVELET 
TRANSFORM 

Now  we  need  take  into  account  the  Hamiltonian  or  La¬ 
grangian  structures  related  with  systems  (2)  or  (3).  There¬ 
fore,  we  need  to  consider  generalized  wavelets,  which  al¬ 
low  us  to  consider  the  corresponding  structures  instead  of 
compactly  supported  wavelet  representation  from  parts  1- 
4.  In  wavelet  analysis  the  following  three  concepts  are 
used  now:  1).  a  square  integrable  representation  U  of  a 
group  G,  2).  coherent  states  (CS)  over  G,  3).  the  wavelet 
transform  associated  to  U.  We  consider  now  their  unifi¬ 
cation  [10)-[12].  Let  G  be  a  locally  compact  group  and 
Ua  strongly  continuous,  irreducible,  unitary  representation 
of  G  on  Hilbert  space  %.  Let  H  be  a  closed  subgroup 
of  G,  X  =  G/H  with  (quasi)  invariant  measure  u  and 
cr  :  X  =  G/H  —>  G  is  a  Borel  section  in  a  principal  bun¬ 
dle  G  — >  G/H.  Then  we  say  that  U  is  square  integrable 
mod(H,  <r)  if  there  exists  a  non-zero  vector  rj  £  H  such 
that  0  <  fx  |  <  U (<r(x))T(\<&  >  \2di/(x)  =<  >  < 

oo,  V<£  £  %.  Given  such  a  vector  tj  £  %  called  admissi¬ 
ble  for  (U,  cr)  we  define  the  family  of  (covariant)  coherent 
states  or  wavelets,  indexed  by  points  x  £  X,  as  the  orbit  of 
rj  under  G,  though  the  representation  U  and  the  section  a 
[10]-[12]:  Sc  =  tjq(x)  —  U(a(x))rj\x  £  X.  So,  coherent 
states  or  wavelets  are  simply  the  elements  of  the  orbit  under 
U  of  a  fixed  vector  rj  in  representation  space.  We  have  the 
following  fundamental  properties:  l.Overcompleteness: 
the  set  S„  is  total  in  H  :  (S^)1  =  0.  2.  Resolution  prop¬ 
erty:  the  square  integrability  condition  may  be  represented 
as  a  resolution  relation:  Jx  \rj0{x)  ><  rj„(x)  |di/(x)  =  Aa, 
where  Aa  is  a  bounded,  positive  operator  with  a  dense¬ 
ly  defined  inverse.  Define  the  linear  map  Wn:H-^ 
L2(X,dv),  (Wv$)(x)  =<  rj„(x)\$  >  .  Then  the  range 
Hn  of  Wjj  is  complete  with  respect  to  the  scalar  product 
<  >v=<  >  and  Wg  is  unitary  op¬ 

erator  from  H  onto  Hv.  Wv  is  Continuous  Wavelet  Trans¬ 
form  (CWT).  3.  Reproducing  kernel.  The  orthogonal  pro¬ 
jection  from  L2(X,  d^)  onto  Hv  is  an  integral  operator  K0 
and  Hrj  is  a  reproducing  kernel  Hilbert  space  of  functions: 
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$(*)  =  /x  JfCT(a:,t/)$(t/)dt/(t/),  The  ker¬ 

nel  is  given  explicitly  by  K„(x,  y)  =<  Va(x)A~1r]<7^ y)  >, 
if  Vo(y)  €  D(A~1),  Vt/  €  X.  So,  the  function  4  6 
L2(X,  di/)  is  a  wavelet  transform  (WT)  iff  it  satisfies  this 
reproducing  relation.  4.  Reconstruction  formula.  The  WT 
Wv  may  be  inverted  on  its  range  by  the  adjoint  operator, 
W~l  =  W*  on  'H-n  to  obtain  for  £  D(A~1),Vx  £  X 
W~x§  =  fx  $(x)A~17)(7(x)dis(x),  $  G  'Ht1-  This  is  in¬ 
verse  WT.  If  A~ 1  is  bounded  then  Sa  is  called  a  frame,  if 
Aa  =  A7  then  Sa  is  called  a  tight  frame.  This  two  cases  are 
generalization  of  a  simple  case,  when  S„  is  an  (ortho)basis. 

The  most  simple  cases  of  this  construction  are: 

1.  H  =  {e}.  This  is  the  standard  construction  of  WT 
over  a  locally  compact  group.  It  should  be  noted  that  the 
square  integrability  of  U  is  equivalent  to  U  belonging  to  the 
discrete  series.  The  most  simple  example  is  related  to  the 
affine  (aa;  +  b)  group  and  yields  the  usual  one-dimensional 
wavelet  analysis  [7r(6,  a)/](x)  =  (£f^)  •  For  G  = 

SIM( 2)  =  R2  cxi  (R+  x  50(2)),  the  similitude  group 
of  the  plane,  we  have  the  corresponding  two-dimensional 
wavelets.  2.  H  =  Hn,  the  isotropy  (up  to  a  phase)  sub¬ 
group  of  7 /:  this  is  the  case  of  the  Gilmore-Perelomov 
CS.  Some  cases  of  group  G  are:  a).  Semisimple  groups, 
such  as  SU(N),  SU(N|M),  SU(p,q),  Sp(N,R).  b).  the  Weyl- 
Heisenberg  group  Gwh  which  leads  to  the  Gabor  func¬ 
tions,  i.e.  canonical  (oscillator)coherent  states  associated 
with  windowed  Fourier  transform  or  Gabor  transform  (see 
also  part  6):  [it (q,p,<p)f](x)  =  exp (ip(tp-p(x~q))f(x~ 
q).  In  this  case  H  is  the  center  of  Gwh-  In  both  cas¬ 
es  time-frequency  plane  corresponds  to  the  phase  space  of 
group  representation,  c).  The  similitude  group  SIM(n)  of 
R”(n  >  3):  for  H  —  SO(n  —  1)  we  have  the  axisymmet- 
ric  n-dimensional  wavelets,  d).  Also  we  have  the  case  of 
bigger  group,  containing  both  affine  and  Weyl-Heisenberg 
group,  which  interpolate  between  affine  wavelet  analysis 
and  windowed  Fourier  analysis:  affine  Weyl-Heisenberg 
group  [12].  e).  Relativity  groups.  In  a  nonrelativistic  set¬ 
up,  the  natural  kinematical  group  is  the  (extended)  Galilei 
group.  Also  we  may  adds  independent  space  and  time  di¬ 
lations  and  obtain  affine  Galilei  group.  If  we  restrict  the 
dilations  by  the  relation  ao  =  a2,  where  ao,a  are  the 
time  and  space  dilation  we  obtain  the  Galilei-Schrodinger 
group,  invariance  group  of  both  Schrodinger  and  heat  equa¬ 
tions.  We  consider  these  examples  in  the  next  section.  In 
the  same  way  we  may  consider  as  kinematical  group  the 
Poincare  group.  When  a0  =  a  we  have  affine  Poincare  or 
Weyl-Poincare  group.  Some  useful  generalization  of  that 
affinization  construction  we  consider  for  the  case  of  hidden 
metaplectic  structure  in  part  6.  But  the  usual  representa¬ 
tion  is  not  square-integrable  and  must  be  modified:  restric¬ 
tion  of  the  representation  to  a  suitable  quotient  space  of 
the  group  (the  associated  phase  space  in  our  case)  restores 
square  -  integrability:  G  — >  homogeneous  space.  Our 
goal  is  applications  of  these  results  to  problems  of  Hamil¬ 
tonian  dynamics  and  as  consequence  we  need  to  take  into 
account  symplectic  nature  of  our  dynamical  problem.  Al¬ 
so,  the  symplectic  and  wavelet  structures  must  be  consis¬ 


tent  (this  must  be  resemble  the  symplectic  or  Lie-Poisson 
integrator  theory).  We  use  the  point  of  view  of  geomet¬ 
ric  quantization  theory  (orbit  method)  instead  of  harmonic 
analysis.  Because  of  this  we  can  consider  (a)  -  (e)  analo¬ 
gously.  In  next  part  we  consider  construction  of  invariant 
bases. 

We  are  very  grateful  to  M.  Comacchia  (SLAC),  W.  Her- 
rmannsfeldt  (SLAC)  Mrs.  J.  Kono  (LBL)  and  M.  Laraneta 
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Abstract 

The  Vlasov-Maxwell  equations  are  used  to  investigate 
properties  of  the  electron-ion  two-stream  instability  for  a 
continuous,  high-intensity  ion  beam  propagating  in  the  z- 
direction  with  directed  axial  velocity  Vb  =  /3bc  through  a 
background  population  of  (stationary)  electrons.  The  anal¬ 
ysis  is  carried  out  for  arbitrary  beam  intensity,  consistent 
with  transverse  confinement  of  the  beam  particles,  and  ar¬ 
bitrary  fractional  charge  neutralization.  Stability  proper¬ 
ties  are  calculated  for  dipole  perturbations  with  azimuthal 
mode  number  t  =  1  about  monoenergetic  ion  and  electron 
distribution  functions. 


1  INTRODUCTION 

Periodic  focusing  accelerators  and  transport  systems!  1,  2] 
have  a  wide  range  of  applications  ranging  from  basic  sci¬ 
entific  research,  to  applications  such  as  spallation  neu¬ 
tron  sources,  tritium  production,  and  heavy  ion  fusion. 
For  a  one-component  high-intensity  beam,  considerable 
progress  has  been  made  in  describing  the  self-consistent 
evolution  of  the  beam  distribution  function  /b(x,  p,  t)  and 
the  self-generated  electric  and  magnetic  fields  in  kinetic 
analyses!  1,  3,  4,  5,  6]  based  on  the  Vlasov-Maxwell  equa¬ 
tions.  In  many  practical  accelerator  applications,  however, 
an  (unwanted)  second  charge  component  is  present.  When 
a  second  charge  component  is  present,  it  has  been  recog¬ 
nized  for  many  years[7,  8,  9,  10,  11,  12]  that  the  rela¬ 
tive  streaming  motion  of  the  high-intensity  beam  particles 
through  the  background  charge  species  provides  the  free 
energy  to  drive  the  classical  two-stream  instability!  13], 

In  the  present  analysis,  we  apply  the  Vlasov-Maxwell 
equations!  1,  14]  to  describe  the  self-consistent  interaction 
of  the  ion  and  electron  distribution  functions  with  the  ap¬ 
plied  field  and  the  self-generated  electric  and  magnetic 
fields.  The  analysis  can  be  applied  to  ion  beams  rang¬ 
ing  from  the  emittance-dominated,  moderate-intensity  pro¬ 
ton  beams  in  proton  linacs  and  storage  rings,  to  the  low- 
emittance,  space-charge-dominated  ion  beams  in  heavy  ion 
fusion. 


2  THEORETICAL  MODEL  AND 
ASSUMPTIONS 

The  present  analysis  [14]  considers  a  continuous  ion  beam 
with  distribution  function  fb(x,  p,  t),  and  characteristic  ra¬ 
dius  rb  and  axial  momentum  propagating  in  the 

z-direction  through  a  background  population  of  electrons 
with  distribution  function  /e(x,  p,  t).  The  ions  have  di¬ 
rected  axial  velocity  14  =  /3bc,  and  the  background  elec¬ 
trons  are  assumed  to  be  nonrelativistic  and  stationary  with 
/  d3ppzfe  0  in  the  laboratory  frame.  The  applied  focus¬ 
ing  force  on  a  beam  ion  is  modeled  by 

F f0C  =  —'YbmbuJpbx±  ,tp  (1) 

where  xj.  =  xex  +  yey  is  the  transverse  displacement, 
(7 b  -  1  )mbc2  is  the  ion  kinetic  energy,  mb  is  the  ion  rest 
mass,  c  is  the  speed  of  light  in  vacuo,  and  c opb  =  const. 
is  the  effective  betatron  frequency  for  the  applied  focus¬ 
ing  field.  Assuming  that  the  ion  density  exceeds  the  back¬ 
ground  electron  density,  the  space-charge  force  on  an  elec¬ 
tron,  provides  transverse  confinement  of  the  background 
electrons  by  the  electrostatic  potential  <j>(x,  t).  It  is  fur¬ 
ther  assumed  that  the  ion  motion  in  the  beam  frame  is 
nonrelativistic.  The  electrostatic  potential  4>(x,t)  is  de¬ 
termined  self-consistently  from  Poisson’s  equation  V2(f>  — 
—Art e(Zbnb  —  ne )  ,  and  the  z-component  of  vector  poten¬ 
tial  Az  (x,  t)  is  determined  self-consistently  from  V2AZ  = 
-AnZbePhttb  ,  where  the  electrons  are  assumed  to  carry 
zero  axial  current  in  the  laboratory  frame.  Here,  nb(x,  t)  = 
/ d3pfb(x,p,t)  and  ne(x,t)  =  J  d3pfe(x,p,t)  are  the 
ion  and  electron  densities,  respectively. 

Finally,  the  stability  analysis  assumes  perturbations  with 
sufficiently  long  axial  wavelength  and  high  frequency  that 
k2zrl  «;  1,  | u/kz  -  Pbc\  »  vTbz,  and  \w/kz\  »  vTez- 
Here,  vTbz  -  (2Tbz/7bm6)1/2  and  vTez  =  (2 Tez/me)1/2 
are  the  axial  thermal  speeds  of  the  beam  ions  and  the  back¬ 
ground  electrons,  respectively.  Furthermore,  the  perturbed 
axial  forces  are  treated  as  negligibly  small,  and  the  anal¬ 
ysis  neglects  the  effects  of  Landau  damping  due  to  axial 
momentum  spread. 

We  make  use  of  these  assumptions  to  simplify  the  theo¬ 
retical  model!  14].  First,  we  introduce  the  reduced  distribu¬ 
tion  functions  defined  by  Fj(x,px,f)  =  /  dpzfj(x,p,t) 
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for  j  —  b,  e.  Because  f  dpzpzfe  ~  0  for  the  electrons,  the 
nonlinear  Vlasov  equation  for  Fe(x,  p ±,t)  is  given  by 

{I+S-sr+(eV^s5i}F'(,t’p-1>=0’ 

(2) 

where  —  e  is  the  electron  charge,  and  Vx  =  exd/dx  + 
Byd/dy.  The  ions,  however,  have  large  directed  axial  ve¬ 
locity  Vb  —  fibC,  and  the  Vlasov  equation  for  Fb(x, p ±,t) 
becomes 

(  d  j  _  d  Px  d  ,  o 

\  HI  +  Vba~  + - » - {'ybrnbLJpb  x± 

l  dt  dz  -ybriib  dx±  v  M 
q 

+  Zbe'V±ip)  •  ^ — |Fb(x, px,f)  =  0 


Here,  +  Zbe  is  the  ion  charge,  and  ip(x,t)  =  <j>(x,t)  - 
/3f>j 42(x,  t).  The  self-field  potentials  cp(x,  t),  and  ip(x,  t )  in 
Eqs.  (2)  and  (3)  are  determined  self-consistently  from 

(^2  +  ^  =  ~47re  (Z<>  f  <^PFb  ~  \  , 

(£+£)*— ($/«-/«)  • 


We  assume  that  the  beam  propagates  axially  through  a  per¬ 
fectly  conducting  cylindrical  pipe  with  radius  r  =rw.  En¬ 
forcing  [F|]r=ru,  =  [Ff]r=r,u  =  [B^]r=r„  =  0  readily 
gives  cj)(r  —  rw,6,z,t)  =  0,  and  tp(r  —  rw,6,z,t)  =  0. 
Here,  the  constant  values  of  the  potentials  at  r  —  rw  have 
been  taken  equal  to  zero. 

3  EQUILIBRIUM  PROPERTIES 

Under  quasisteady  equilibrium  conditions  with  d/dt  =  0, 
we  assume  axisymmetric  beam  propagation  and  negligi¬ 
ble  variation  with  axial  coordinate  ( d/dO  =  0  =  d/dz). 
The  equilibrium  distribution  functions  for  the  beam  ions 
and  background  electrons  are  of  the  general  form  F°  = 
Fb(Hxb)  and  Fe°  =  F°(H±e),  where 

H±b  =  +  \^bmb^lbr2  +  Zbe[ip°{r)  -  ip0]  , 

H±e  =  ^-pl-e[<f>°{r)-4>0}. 

(5) 

Here,  r  =  (x2  -t-y2)1/2  is  the  radial  distance  from  the  beam 
axis,  H±b  and  H±e  are  exact  single-particle  constants  of 
the  motion,  and  ip0  =  ip°(r  =  0)  and  0°  =  <p°{r  =  0)  are 
constants. 

There  is  wide  latitude  in  specifying  the  functional  forms 
of  the  equilibrium  distribution  functions!  14].  In  the  present 
analysis,  we  assume  monoenergetic  ions  and  electrons, 
with  distribution  functions 

-  (b) 


Here,  nb  and  ne  =  fZbnb  are  positive  constants  corre¬ 
sponding  to  the  ion  and  electron  densities,  f  =  const. 
is  the  fractional  charge  neutralization,  and  Tj_b  and  Txe 
are  constants  corresponding  to  the  on-axis  (r  =  0)  val¬ 
ues  of  the  transverse  ion  and  electron  temperatures,  respec¬ 
tively.  Without  presenting  details!  14],  some  algebraic  ma¬ 
nipulation  of  Eqs.  (4)  -  (6)  gives  the  step-function  density 
profiles  n°(r)  =  hj  =  const.,  for  0  <  r  <  rb,  and 
n°(r)  =  0  for  rb  <  r  <  rw,  and  j  =  b,e.  Here,  the 
beam  radius  rb  is  related  to  other  equilibrium  parameters 
by  t>2r2  =  2f±b/lbnib  and  u2r2  —  2T±_e/me,  where  the 
(depressed)  betatron  frequencies  vb  and  t>e  are  defined  by 

”1  =  “lb  -  I  (  4  -  / j  “lb  =  const., 

*  \’b  /  n\ 


* -if*?- 


and  u>2h  =  ^-KhbZ2e2 l^bTUb  is  the  ion  plasma  frequency- 
squared. 

4  STABILITY  ANALYSIS  AND 
DISPERSION  RELATION 

For  small-amplitude  perturbations,  a  stability  analysis  pro¬ 
ceeds  by  linearizing  Eqs.  (2M4).  Perturbed  quantities  are 
expressed  as  5ip(x,t)  =  6ipl(r)exp(ikzz  4-  iW  -  iut), 
SFb(x, p_i,t)  =  <5F^(r, px)exp(zfczz  +  ild  -  iut),  etc., 
where  Imui  >  0  is  assumed,  corresponding  to  instabil¬ 
ity  (temporal  growth),  kz  is  the  axial  wavenumber,  and  l 
is  the  azimuthal  harmonic  number.  The  linearized  Vlasov 
equations  are  formally  integrated  by  using  the  method  of 
characteristics!  14].  For  perturbations  about  the  monoener¬ 
getic  ion  and  electron  distribution  functions  in  Eq.  (6),  we 
obtain!  14]  the  kinetic  dispersion  relation 


(■ rb/rw)2e 


{n/rw)2( 


where  uj2c  =  47rnee2/me.  Here,  the  ion  and  electron  sus¬ 
ceptibilities  are  defined  by  [14] 

m=0  v  ' 

{i  -  2m)t>b 

[(w  -  kzVb)  -  (t-  2m)i>b] 

re(uj)  =  _lf  -  ^  ~  2m)g« 

e  2e  m\{i  —  m)!  [a j  —  (£  —  2m)i>e] 

for  general  azimuthal  harmonic  number  l. 

A  careful  examination[14]  of  Eq.  (8)  for  ne  ^  0  shows 
that  the  strongest  instability  (largest  growth  rate)  occurs  for 
azimuthal  mode  number  1  =  1,  corresponding  to  a  simple 
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(dipole)  displacement  of  the  beam  ions  and  the  background 
electrons.  For  l  =  1,  we  find  r*(w)  =  -i>2/[w2  -  u2]  and 
Tj (u>  -  kzVb)  =  -  kzVb)2  -  vb],  and  introduce 


the  collective  oscillation  frequencies  defined  by 

“>e  =  °e  +  \tf,e  ( 

'  r2  > 

1-^ 

r2 

v  '  w  J 

\  1  Ibrrib  „  2  f. 

)  2ZbmeUJpb  t,1 

-4) 

2  -2  ,  ( ■ 
Wb  =  Vb  +  2^{- 

=  upb  +  2^p&  (f 

1  r2b\ 
llr2) 

(10) 


w^/2(weWfc)1^2,  which  occurs  for  5kz  —  0.  For  exam¬ 
ple,  for  a  proton  beam  (Zb  =  1,  mb/me  =  1836)  with 
relativistic  mass  factor  7 b  =  1.85,  a  moderate  value  of 
normalized  beam  intensity  &2b/w2pb  =  0.1,  large  wall 
radius  rw/rb  — >  00  and  fractional  charge  neutralization 
/  =  0.1,  we  obtain  ( Im5uj)max  =  0.127ojJaj(,  correspond¬ 
ing  to  a  particularly  virulent  growth  rate  for  the  electron- 
proton  (e-p)  instability.  For  this  choice  of  system  parame¬ 
ters,  the  central  oscillation  frequency  and  wavenumber  are 
wo  =  13.03 uipb  and  kzoVb  =  14.03 uipb- 


where  use  is  made  of  ui2e  =  ('ybtnb/Zbme)ftj2b.  Substitut¬ 
ing  into  Eq.  (8)  and  rearranging  terms,  the  l  —  \  dispersion 
relation  can  be  expressed  in  the  compact  form 

[(w  -  kzVb)2  -  Wfe][w2  -  wf]  =  ujj  ,  (11) 


where  w/  is  defined  by 


lbmb  „4 
Z^e^- 


(12) 


In  the  absence  of  background  electrons  (/  =  0  and 
Uf  =  0),  Eq.  (11)  gives  stable  collective  oscillations  of 
the  ion  beam  with  frequency  w  -  kzVb  =  ±ub,  where  u>b 
is  defined  in  Eq.  (11).  For  /  /  0,  however,  the  ion  and 
electron  terms  on  the  left-hand  side  of  Eq.  (11)  are  cou¬ 
pled  by  the  uj  term  on  the  right-hand  side,  leading  to  one 
unstable  solution  with  Ittuj  >  0  for  a  certain  range  of  ax¬ 
ial  wavenumber  kz.  It  is  important  to  recognize  that  the 
dispersion  relation  (11)  is  applicable  over  a  wide  range  of 
normalized  beam  intensity  and  fractional  charge  neutral¬ 
ization.  That  is,  Eq.  (1 1)  can  be  applied  to  the  emittance- 
dominated,  moderate-intensity  ion  beams  (^^<0.2, 
say)  in  proton  linacs  and  storage  rings.  On  the  other  hand, 
Eq.  (11)  can  also  be  applied  to  the  low-emittance,  very 
high-intensity  ion  beams  (w2b/w|(,  approaching  2jb,  for 
/  =  0)  envisioned  for  heavy  ion  fusion. 

A  careful  examination  of  Eq.  (11)  shows  that  the 
unstable,  positive-frequency  branch  has  frequency  and 
wavenumber  (w,  kz)  closely  tuned  to  the  values  (wo,  kz 0) 
defined  by  w0  =  +we  and  w0  —  kz0Vb  =  — ub-  In  this 
regime,  expressing  w  =  wo  +  <5w  and  kz  =  kz0  4-  Skz,  and 
assuming  |<5w|  <C  2we,  the  dispersion  relation  (11)  is  given 
to  good  approximation  by 


6u>(5u  —  8kzVb)[l  —  ( Su>  -  SkzVb)/2u>b] 


0  4 u>ecJb  ’ 

At  moderate  beam  intensities  with  Iq  <  1,  the  unstable 
solution  to  Eq.  (13)  satisfies  | Su  —  5kzVb\  >C  2u)b-  In 
this  regime,  Eq.  (13)  can  be  approximated  by  the  quadratic 
form  6io(Su  -  SkzVb )  =  -r^  =  —u>j/4ujeu>b.  This 
quadratic  dispersion  relation  supports  an  unstable  solu¬ 
tion  with  growth  rate  ImSu  =  r<)[l  -  (SkzVb/2 To)2]1/2 
for  Skz  in  the  (symmetric)  interval,  -2r<)  <  SkzVb  < 
2r0.  The  maximum  growth  rate  is  ( ImSuj)maX  =  To  = 


5  CONCLUSIONS 

The  general  kinetic  formalism[14]  outlined  here  can  also 
be  applied  to  perturbations  about  a  wide  range  of  non- 
monoenergetic  equilibrium  distribution  functions.  A  de¬ 
tailed,  self-consistent  stability  analysis  based  on  Eqs.  (2)- 

(4)  for  continuously  varying  profiles  is  beyond  the  scope 
of  the  present  article.  It  is  sufficient  to  note  that  the 
spread  in  (depressed)  betatron  frequencies[7,  14]  associ¬ 
ated  with  continuously  varying  profiles  is  expected  to  lead 
to  a  threshold  in  beam  intensity  and/or  fractional  charge 
neutralization  for  the  onset  of  instability. 
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Abstract 

The  Beam  Equilibrium  Stability  and  Transport  (BEST) 
code,  a  3D  multispecies  nonlinear  perturbative  particle 
simulation  code,  has  been  developed  to  study  collective 
effects  in  intense  charged  particle  beams  described  self- 
consistently  by  the  Vlasov-Maxwell  equations.  This  code 
provides  an  effective  numerical  tool  to  investigate  collec¬ 
tive  instabilities,  periodically-focused  beam  propagation  in 
in  alternating-gradient  focusing  fields,  halo  formation,  and 
other  important  nonlinear  process  in  intense  beam  propa¬ 
gation. 

1  INTRODUCTION  AND  THEORETICAL 
MODEL 

For  accelerator  applications  to  spallation  neutron  sources, 
tritium  production,  and  heavy  ion  fusion,  space-charge  ef¬ 
fects  on  beam  equilibrium,  stability,  and  transport  proper¬ 
ties  become  increasingly  important.  To  understand  these 
collective  process  at  high  beam  intensity,  it  is  necessary 
to  treat  the  nonlinear  beam  dynamics  self-consistently  us¬ 
ing  the  nonlinear  Vlasov-Maxwell  equations!  1,  2,  3].  Re¬ 
cently,  the  <Sf  formalism,  a  low-noise,  nonlinear  perturba¬ 
tive  particle  simulation  technique,  has  been  developed  for 
intense  beam  applications,  and  applied  to  matched-beam 
propagation  in  a  periodic  focusing  field[4,  5,  6,  7,  8]  and 
other  related  problems.  This  paper  reports  recent  advances 
in  applying  the  <5f  formalism  to  simulate  the  nonlinear  dy¬ 
namics  of  an  intense  beam.  The  BEST  code  described 
here  is  a  3D  multispecies  nonlinear  perturbative  particle 
simulation  code,  which  can  be  applied  to  a  wide  range  of 
important  collective  processes  in  intense  beams,  such  as 
the  electron-ion  two-stream  instability[9, 10],  periodically- 
focused  beam  propagation!  11,  12],  and  halo  formation.  In 
the  the  theoretical  model[9,  10,  13],  we  consider  a  thin, 
continuous,  high-intensity  ion  beam  ( j  =  6),  with  char¬ 
acteristic  radius  r;,  propagating  in  the  z-direction  through 
background  electron  and  ion  components  (j  =  e,  i ),  each 
of  which  is  described  by  a  distribution  function  fj(x,  p,  t). 
The  charge  components  ( j  —  b,  e,  i )  propagate  in  the  z- 
direction  with  characteristic  axial  momentum  7 jrrijf3jC, 
where  Vj  —  fyc  is  the  directed  axial  velocity,  ■jj  = 
(1  —  )-1/2  is  the  relativistic  mass  factor,  ej  and  mj  are 

the  charge  and  rest  mass,  respectively,  of  a  j-th  species  par¬ 
ticle,  and  c  is  the  speed  of  light  in  vacuo.  For  each  com¬ 
ponent  ( j  =  b,e,i),  the  transverse  and  axial  particle  ve¬ 
locities  in  a  frame  of  reference  moving  with  axial  velocity 


(3jcez  are  assumed  to  be  nonrelativistic.  While  the  non¬ 
linear  5f  formalism  outlined  here  is  readily  adapted  to  the 
case  of  a  periodic  applied  focusing  force,  for  present  pur¬ 
pose  we  make  use  of  a  smooth-focusing  model  in  which  the 
applied  focusing  force  is  described  by 

Fj°c  =  -'YjmjiJpjXx,  (1) 


where  x±  =  xex  +  yey  is  the  transverse  displacement, 
and  wpj  =  const  is  the  effective  betatron  frequency  for 
transverse  oscillation.  For  example,  in  the  absence  of  back¬ 
ground  ions  (/j  =  0),  to  describe  the  two-stream  interac¬ 
tion  between  the  beam  ions  ( j  =  b)  and  background  elec¬ 
trons  (J  =  e),  we  normally  assume  Ve  =  (3ec  ^  0.  The 
space-charge  intensity  is  allowed  to  be  arbitrarily  large, 
subject  only  to  transverse  confinement  of  the  beam  ions 
by  the  applied  focusing  force,  and  the  background  elec¬ 
trons  are  confined  in  the  transverse  plane  by  the  space- 
charge  potential  <f>{x,t)  due  to  the  excess  ion  charge.  In  the 
electrostatic  approximation,  we  represent  the  self-electric 
and  self-magnetic  fields  by  Es  =  —  V0(x,t)  and  Bs  = 
V  x  Az(x,  t)ez,  respectively.  For  present  purpose,  assum¬ 
ing  perturbations  with  long  axial  wavelength  (kzr%  <C  1) 
and  neglecting  the  perturbed  axial  force  on  the  charge  com¬ 
ponents,  the  nonlinear  Vlasov-Maxwell  equation  in  the 
five-dimensional  phase  space  (x,  p±)  can  be  approximated 
by  [9, 10,  13] 


f  d  d  r  2 

0 

+  ejVx(<£  -  PjAz)\  ■  =  0, 


Vi</>=  -47r]Te,-  /  d2pfj(x,px>t), 
j 

Vi  Az  =  —  4tt  ejPj  J  d2pfj (x,p±,t). 


(3) 


Here,  V_l  =  exd/dx  +  eyd/dy  and  v  =  Vjez  + 
{ljmj)~1Px- 


2  NONLINEAR  <5F  SIMULATION 
METHOD  AND  THE  BEST  CODE 

In  the  nonlinear  <5f  formalism,  we  express  the  total  distribu¬ 
tion  function  as  fj  =  /jo  +  5fj,  where  /jo  is  a  known  so¬ 
lution  to  the  nonlinear  Vlasov-Maxwell  equations  (2)  and 
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(3),  and  determine  the  detailed  evolution  of  the  perturbed 
distribution  function  Sfj  =  f3  -  fjo-  This  is  accomplished 
by  advancing  the  weight  function  defined  by  Wj  =  Sfj/fj, 
together  with  the  particles’  positions  and  momenta.  The 
equations  of  motion  for  the  particles,  obtained  from  the 
characteristics  of  the  nonlinear  Vlasov  equation  (2),  are 
given  by 


diCjj 

dt 

dP±ji 

dt 


=  Vjez  +  (jjrrij)  lp±ji, 

=  -'ijmjw20jxxji  -  ejV ±(4> -  (3jAz). 


(4) 


Here  the  subscript  “ji”  labels  the  i-th  simulation  particle  of 
the  j-th  species.  The  weight  functions  Wj ,  as  functions  of 
phase  space  variables,  are  carried  by  the  simulation  parti¬ 
cles,  and  the  dynamical  equations  for  wj  are  easily  derived 
from  the  definition  of  Wj  and  the  Vlasov  equation  (2).  Fol¬ 
lowing  the  algebra  in  Refs.  [4,  5,  6,  7],  we  obtain 


dw 


dt 

'(%0  - 


-(1  -Wji) 


1  ah° 


fjo  dPi 


dpx 


n 


dt 


(5) 


wall.  Even  though  it  is  a  perturbative  approach,  the  Jf 
method  is  fully  nonlinear  and  simulates  the  original  non¬ 
linear  Vlasov-Maxwell  equations.  Compared  with  conven¬ 
tional  particle-in-cell  simulations,  the  noise  level  in  Sf  sim¬ 
ulations  is  significantly  reduced.  In  addition,  the  <5f  method 
can  be  used  to  study  linear  stability  properties  provided 
the  factor  (1  -  Wjj)  in  Eq.  (5)  is  approximated  by  1,  and 
the  forcing  term  in  Eq.  (4)  is  replaced  by  the  unperturbed 
force  (i.e.,  advancing  particles  along  the  unperturbed  or¬ 
bits).  Implementation  of  the  3D  multispecies  nonlinear 
<Sf  simulation  method  described  above  is  embodied  in  the 
BEST  code  at  the  Princeton  Plasma  Physics  Laboratory. 
The  code  advances  the  particle  motions  using  a  4th-order 
Runge-Kutte  method,  and  solves  Maxwell’s  equations  by 
a  fast  Fourier  transform  and  finite-difference  method  in 
cylindrical  geometry.  Written  in  Fortran  90/95,  the  code 
utilizes  extensively  the  object-oriented  features  provided 
by  the  computer  language.  The  NetCDF  scientific  data 
format  is  implemented  for  large-scale  diagnostics  and  vi¬ 
sualization.  The  code  has  achieved  an  average  speed  of 
40/rs/(particle  x  step)  on  a  DEC  alpha  personal  workstation 
500au  computer. 

3  SIMULATION  RESULTS 


where  8(p  —  (j>  -  (p0  and  SAZ  =  Az  -  Az0.  Here,  the 
equilibrium  solutions  (<po,  Az0,  fj0  )  solve  the  steady-state 
(d/dt  =  0)  Vlasov-Maxwell  equations  (2)  and  (3)  with 
d/dz  —  0  and  d/80  =  0.  A  wide  variety  of  axisymmetric 
equilibrium  solutions  to  Eqs.  (2)  and  (3)  have  been  investi¬ 
gated  in  the  literature.  The  perturbed  distribution  Sfj  is  ob¬ 
tained  through  the  weighted  Klimontovich  representation 

N • 

Sfj  =  W~z,  Wji5{x  -  Xji)8(p±  -  pXji),  (6) 

JVsj'  *=i 


For  brevity,  we  present  here  illustrative  simulation  results 
for  a  single-species  thermal  equilibrium  ion  beam  in  a  con¬ 
stant  focusing  field.  In  this  case,  equilibrium  properties 
depend  on  the  radial  coordinate  r  —  (x2  +  y2)1^2.  The 
thermal  equilibrium  distribution  function  is  given  by 

Mr-P J 

f  p2L/2'ybmb  +  'ybmbwf3br2 / 2  +  eb(<t>0  -  PbAz0)-\ 
x  exp  |  -  / 

(8) 


where  Nj  is  the  total  number  of  actual  j-th  species  particles, 
and  NSj  is  the  total  number  of  simulation  particles  for  the  j- 
th  species.  Maxwell’s  equations  are  also  expressed  in  terms 
of  the  perturbed  fields  and  perturbed  density  according  to 

=  -4?r  Y^ejSnj, 

3 

V\SAZ  =  — 47t  ^  ejPjSrij, 

3 

f  N-  N’d 

Sri,  =  /  d2pSfj(x, Pj_,t)  =  -j^-Y\wjiU{x,xij). 

J  <=  l 

(7) 

Here,  U ( x ,  x%j  )  represents  the  method  of  distributing  par¬ 
ticles  on  the  grids  in  configuration  space.  The  nonlinear 
particle  simulations  are  carried  out  by  iteratively  advanc¬ 
ing  the  particle  motions,  including  the  weights  they  carry, 
according  to  Eqs.  (4)  and  (5),  and  updating  the  fields  by 
solving  the  perturbed  Maxwell’s  equations  (7)  with  appro¬ 
priate  boundary  conditions  at  the  cylindrical  conducting 


where  nb  is  the  density  of  beam  particles  at  r  =  0,  and 
Tb  is  the  transverse  temperature  of  the  beam  ions  in  energy 
units.  It  is  also  assumed  that  the  beam  is  centered  inside 
a  cylindrical  chamber  with  perfectly  conducting  wall  lo¬ 
cated  at  r  =  rw.  The  equilibrium  self-field  potentials  <j> o 
and  Azo  can  be  determined  numerically  from  Maxwell’s 
equations  (3).  First,  we  examine  the  nonlinear  propaga¬ 
tion  properties  of  the  beam.  A  random  initial  perturbation 
is  introduced  into  the  system,  and  the  beam  is  propagated 
from  t  =  0  to  t  =  500 Tp,  where  Tg  =  Ugb-  The  simula¬ 
tion  results  show  that  the  perturbations  do  not  grow  and  the 
beam  propagates  quiescently,  which  agrees  with  the  nonlin¬ 
ear  stability  theorem!  14,  15]  for  the  choice  of  equilibrium 
distribution  function  in  Eq.  (8).  Shown  in  Fig.  1  is  a  plot  of 
the  change  in  transverse  emittance-squared  (normalized  by 
V2/(jjgb),  St2  =  e2(t)  -  ,  versus  normalized  time  tjrg, 

for  perturbations  about  the  thermal  equilibrium  distribution 
in  Eq.  (8).  The  system  parameters  in  Fig.  1  correspond  to 
protons  with  7 b  =  1.85,  and  normalized  beam  intensity 
Kf3b(?rg/eo  =  0.025,  where  K  =  2Nbe2 /^bmbp2c2  is  the 
self-field  perveance,  and  Nb  is  the  number  of  beam  ions  per 
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unit  axial  length.  The  amplitudes  of  the  initial  random  per¬ 
turbation  in  weights  in  Fig.  1  is  10-4,  which  leads  to  the 
very  small  offset  in  <5e2.  It  is  evident  from  Fig.  1  that  the 
variations  in  beam  emittance,  5e2,  remain  extremely  small 
for  perturbations  about  a  thermal  equilibrium  beam.  As  a 

=b  o 

C.  -2 

^  -4 

i  -6 

>  -B 

IW 

■°  0  100  200  300  400  500 

t/r. 

Figure  1:  Plot  of  5e2  versus  t/rp 

second  example,  we  study  the  linear  surface  mode  for  per¬ 
turbations  about  a  thermal  equilibrium  beam  in  the  space- 
charge-dominated  regime,  with  flat-top  density  profile  and 
Kf3bcrp /eo  >  1.  These  modes  are  of  practical  interest  be¬ 
cause  they  can  be  destabilized  by  a  two-stream  electron-ion 
interaction  when  background  electrons  are  present[9,  10]. 
The  BEST  code,  operating  in  its  linear  stability  mode,  has 
recovered  very  well-defined  eigenmodes  with  mode  struc¬ 
tures  and  eigenffequencies  which  agree  well  with  theoret¬ 
ical  predications.  For  K/3bcTp/eo  3>  1,  and  azimuthal 
mode  number  l  =  1,  the  dispersion  relation  for  these  modes 
is  given  by[l,  9, 10] 

"  =  1'  (9) 

where  rb  is  the  radius  of  the  beam  edge,  and  rw  is  location 
of  the  conducting  wall.  In  Eq.  (9),  =  ATtnbel/jbmb  is 

the  ion  plasma  frequency-squared,  and  Cjpb/ V^lb  —  ^pb 
in  the  space-charge-dominated  limit.  Shown  in  Fig.  2  is 
the  comparison  between  plots  of  the  eigenfrequency  versus 
rw/rb  obtained  from  the  simulations  (diamonds  and  trian¬ 
gles)  and  that  predicted  by  Eq.  (9)  (solid  curves).  The  pa¬ 
rameters  for  this  case  are  chosen  close  to  the  space-charge 
limit  with  K/3bcrp/e 0  =  6.59,  and  the  perturbation  has 
normalized  axial  wavenumber  kzVb/cjpb  =  27r.  It  is  clear 
from  Fig.  2  that  the  simulation  results  agree  well  with  the¬ 
ory. 


Figure  2:  Eigenfrequency  versus  rw/rb. 

4  CONCLUSION  AND  FUTURE  WORK 

The  BEST  code  has  been  tested  and  applied  in  different 
scenarios.  As  a  3D  multispecies  perturbative  particle  sim¬ 


ulation  code,  it  provides  several  unique  capabilities.  Since 
the  simulation  particles  are  used  to  simulate  only  the  per¬ 
turbed  distribution  function  and  self-fields,  the  simulation 
noise  is  reduced  significantly.  The  perturbative  approach 
also  enables  the  code  to  investigate  different  physics  effects 
separately,  as  well  as  simultaneously.  The  code  can  be  eas¬ 
ily  switched  between  linear  and  nonlinear  operation,  and 
used  to  study  both  linear  stability  properties  and  nonlinear 
beam  dynamics.  These  features,  combined  with  3D  and 
multispecies  capabilities,  provide  us  with  an  effective  tool 
to  investigate  the  electron-ion  two-stream  instability,  pe¬ 
riodically  focused  solutions  in  alternating  focusing  fields, 
halo  formation,  and  many  other  important  problems  in  non¬ 
linear  beam  dynamics  and  accelerator  physics.  Finally,  the 
BEST  code  is  readily  adapted  to  the  case  where  the  ap¬ 
plied  focusing  force,  FS°C,  corresponds  to  a  periodic  fo¬ 
cusing  quadrapole  field  or  solenoidal  field,  and  the  effects 
of  the  axial  self-field  field  FjZ  =  —ezejd4>(x,t)/dz  on 
the  particle  dynamics  are  retained  self-consistently.  Results 
of  these  studies  will  be  reported  in  future  publications. 
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Abstract 

This  paper  considers  an  intense  nonneutral  ion  beam 
propagating  in  the  ^-direction  through  a  periodic  fo¬ 
cusing  quadrupole  field  with  transverse  focusing  force, 
F foc  =  -Kg(s)(xex  -  ye y),  on  the  beam  ions. 
A  third-order  Hamiltonian  averaging  technique  using  a 
canonical  transformation  is  employed  to  transform  away 
the  rapidly  oscillating  terms.  This  leads  to  a  Hamil¬ 
tonian,  n{X,Y,X',Y',s)  =  (l/2)(X'2  +  Y'2)  + 
(1/2  )Kfj(X2  +  Y2)  +  ^(X,Y,s)  ,  in  the  transformed  vari¬ 
ables  (X,  Y,  X',  Y'),  where  the  focusing  coefficient  Kfq  is 
constant,  and  many  solutions  and  properties  of  the  Vlasov- 
Maxwell  system  are  well  known. 

1  INTRODUCTION 

It  is  important  to  be  able  to  investigate,  based  on  the 
nonlinear  Vlasov-Maxwell  equations,  the  equilibrium  and 
stability  properties  of  general  distribution  functions  for 
periodically-focused  beams[l,  2,  3].  Despite  its  lim¬ 
ited  practical  interest  due  to  the  unphysical  distribution 
in  phase  space,  the  Kapchinskij-Vladimirskij  (KV)  beam 
equilibrium[l,  4,  5,  6],  including  its  recent  generalization 
to  a  rotating  beam  in  a  periodic  focusing  solenoidal  field[7, 
8],  has  been  the  only  known  periodically-focused  equilib¬ 
rium  solution  to  the  nonlinear  Vlasov-Maxwell  equations 
describing  an  intense  beam  propagating  through  a  peri¬ 
odic  focusing  field.  The  difficulty  of  solving  the  non¬ 
linear  Vlasov-Maxwell  system  in  general  lies  in  the  fact 
that  the  Hamiltonian  for  the  motion  of  an  individual  beam 
particle  is  time  dependent.  Channell[9]  and  Davidson 
et  a/pO]  have  recently  developed  a  third-order  Hamilto¬ 
nian  averaging  technique  using  a  canonical  transforma¬ 
tion  to  average  over  the  fast  time  scale  associated  with 
the  betatron  oscillations.  This  procedure  is  expected  to 
be  valid  for  sufficiently  small  phase  advance  (<r  <  60°, 
say).  In  the  present  analysis,  we  apply  this  technique  to 
the  Vlasov-Maxwell  system  for  intense  beams  propagat¬ 
ing  through  a  periodic  focusing  lattice.  Under  the  thin- 
beam  assumption,  the  applied  transverse  focusing  force 
on  a  beam  particle  is  Ffoc  =  -Kq(s)(xex  -  ye y).  The 
Vlasov-Maxwell  equations  for  the  distribution  function 


fb(x,y,x',y',s)  and  the  normalized  self-field  potential 
ip(x,y,s)  —  Zbe<f>(x,y,s)/'y%mb/3%c2  can  be  expressed 
asP,  7] 


dy 


di()\  d 
dx' 


(1) 


dy  J  dy' 


and 


{h  +  w)*  =  ~2Jwldx'dv'Sb-  <2) 


Here, 


Kb 


2NbZ?e2 


iimbdbc 2 


and  Nb  ~  J  dxdydx'dy'fb  (3) 


are  the  self-field  perveance  and  the  number  of  beam  ions 
per  unit  axial  length,  respectively. 


2  CANONICAL  TRANSFORMATION 


Because  of  the  oscillatory  time  dependence  of  Kq(s),  there 
is  no  general  analytical  method  to  solve  the  nonlinear 
Vlasov-Maxwell  equations.  However,  we  can  average  over 
the  fast  time  scale  associated  with  the  betatron  oscillations 
when  the  phase  advance  is  sufficiently  small.  The  av¬ 
eraging  process  is  accomplished  by  introducing  a  canon¬ 
ical  coordinate  transformation  from  the  laboratory  coor¬ 
dinate  system  (x,y,x',y')  to  a  new  coordinate  system. 
(X,  Y,  X',  Y').  In  the  laboratory  coordinates,  the  single¬ 
particle  Hamiltonian  H(x,  y,  x',  y',  s )  is 


H 


\(x12  +  y'2)  +  ^/tq(s)(x2  -  y2)  +  %j}{x,  y,  s) 


(4) 


where  e  is  a  small  dimensionless  parameter  proportional  to 
the  focusing  field  strength.  We  use  a  near-identity  canon¬ 
ical  transformation  T  :  (x,y,x',y')  ■ — >  (X,  Y,  X',  Y') 
that  is  generated  by  a  generating  function  of  the  Von  Zeipel 
form,  i.e., 

S(x,y,X,,Y',S)=xX'  +  yY' 

+  f^enSn(x,y,X',Y\s).  (5) 

71=1 
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Consequently,  the  transformed  Hamiltonian  in  the  new 
variables  % (X,  Y,  X',  Y',  s )  is  given  by 

OO  p. 

H  =  YjenHn  =  H  +  ^-ss{x,y,X,,Y',s).  (6) 

n— 1 

The  corresponding  coordinate  transformation  is  given  by 
ac  ft 

x  =  w=x+Y,enwSn{x'y’x'’Y,'sh 

n=1  (7) 

i'=S=x'+£en£s”(i’!,’x''y'’s)' 

n= 1 

The  equations  for  Y  and  y1  are  similar  in  form..  We  choose, 
order  by  order,  the  generating  function  Sn  in  such  a  way 
that  Tin  is  independent  of  the  fast  time  scale  associated 
with  oscillations  in  nq(s),  and  solve  for  the  coordinate 
transformation  iteratively  when  Sn  is  known.  Following 
the  detailed  algebra  presented  in  Ref.  [10],  we  obtain  the 
transformed  Hamiltonian  correct  to  order  e3, 

n  =  \(X'2  +  Y'2)  +  \Kfq(X2  +  Y2)  +  Y , s) , 


where  we  have  set  e  —  1.  Here,  Kfq  is  defined  in  Eq. 
(11),  and  we  have  introduced  the  additional  (canonical) 
fiber  transformation  to  shifted  velocity  coordinates  defined 
by 

X  =  X’  =  X'-(aq)X, 

Y  =  Y ,  Y'  =  Y'+{aq)Y. 

Similarly,  correct  to  order  e3,  we  calculate  the  inverse  co¬ 
ordinate  transformation,  x  =  X  +  ex\  +  e2X2  +  e3X3, 
x'  =  X'  +  ex[  +  €2x'2  +  e3X3,  etc.  Setting  e  =  1,  this 
gives[10] 

x(X,Y,X',Y\s)  =  [l-f}q(s)}X  +  2(JS  , 

x’(X,Y,X',Y',s)  =  [l  +  0q(a)]X'  +  {-«,(«)  +  (aq) 

+  (<*q)Pq{s)  ~  aq(s)(3g(s)  -  (jf  ds[5q(s)  -  ($,)]) 


0,  and  odd  half-period  symmetry  with  nq(s  -  S/2)  = 
-k9[-(s  —  S/2)].  The  definitions  are  given  by 

<*?(«)  =  dsKq(s)  ,  f3q(s)  =  i  J  ds[aq{s)  -  (a,)]  , 

(•••)  =  |  J'  ds(-)  >  <MS)  =  <*2(s)  -  2 Kq(s)f3q{s)  , 

Kfg  =  (5g)  -  K)2  =  §  jf  ds[a2(s)  -  K)2]  • 


In  addition,  aq(s)  and  ( aq )  are  of  order  e;  (3q(s)  is  of 
order  e2;  and  (aq)(3q(s),  aq(s)/3q(s)  ,  (/Qs  dsf3q(s)),  and 
(/0S  ds[8q(s)  -  (<5,)])  are  of  order  e3. 

3  VLASOV-MAXWELL  EQUATIONS  IN 
THE  TRANSFORMED  VARIABLES 

Because  the  transformation  leading  to  the  new  Hamilto¬ 
nian  in  Eq.  (8)  is  canonical,  the  nonlinear  Vlasov-Maxwell 
equations  for  the  distribution  function  Fb(X,  Y,  X',  Y',  s) 
and  self-field  potential  ip(X,Y,  s)  in  the  transformed  vari¬ 
ables  are  given  by 

10s  ftX  ftY  V  lq  ftX)  ftX< 


ftX  dY 
dip\  d  'i 


The  coordinate  transformation  can  be  easily  obtained  by 
solving  Eq.  (10)  for  X  and  X'  in  terms  of  x  and  x' .  The 
expressions  for  y  and  y'  are  identical  in  form  to  Eq.  (10) 
provided  we  make  the  replacements  (x,  x')  — >  (y,  y')  and 
(X,  Y,  X\  Yr)  -»  (Y,  X,  Yr,  X')  and  reverse  the  signs  of 
aq(s )  and  Pq(s).  In  the  above  equations,  aq(s),  (3q(s), 
and  8g(s)  are  defined  in  terms  of  the  lattice  function  nq(s), 
which  is  assumed  to  have  zero  average,  dsKq(s)  = 


f MW* ,  (13, 

\dX 2  dY V  AW 

where  Kjq  =  const,  is  defined  in  Eq.  (11).  Variables  in 
laboratory-frame  coordinates  can  be  obtained  through  the 
pull-back  transformation  T*  associated  with  the  coordinate 
transformation 

f:(x,y,x,,y,)^(X,Y,X',Y').  (14) 

Here,  T*  pulls  (transforms)  functions  on  (X,Y,X',Y') 
back  into  functions  on  (x,  y,  x\  y').  For  example,  the  dis¬ 
tribution  function  transforms  according  to 

T*  :  Fb( X,  Y,  X',  Y',  s)  >  fb(x,  y,  x',  y',  s ) 

=  Fb(T(x,y,x',y'),s)  . 

In  addition,  we  obtain  the  following  pull-back  equation  for 
the  beam  density  correct  to  order  e3, 

nb(x,y,  s)  =  J  dxdydx'dy'  fbS(x  -  x)8{y  -  y) 

=  J  dX dY dX'dY'Fb5(T~ 1 X  -  x)6{f~1Y  -  y) 

=  {JdX'dY'  [l-(x2  +  x3)^ 

-(!/2  +  y3)^]F}  . 

oY  J  (X,y)-*(x,y) 
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Here,  x2,  y3  and  x3,  y3,  defined  by  Eq.  (10),  are  the 
second-order  and  third-order  inverse  coordinate  transfor¬ 
mations  expressed  as  functions  of  ( X ,  Y,  X',  Y'). 

Because  of  the  simple  form  of  the  Vlasov-Maxwell 
equations  in  the  transformed  variables,  with  constant  fo¬ 
cusing  coefficient  K/q  =  const.,  a  wide  range  of  literature 
developed  for  the  constant  focusing  case[l,  11,  12,  13]  can 
be  applied  virtually  intact  in  the  transformed  variables.  For 
example,  it  is  readily  shown  that  any  distribution  function 
of  the  form 

F°(X,Y,X',Y>)  =  F°(H°),  (17) 

where  H°  =  {\/2)(X'2  +  Y'2)  +  (l/2)Kfq{X2  +  Y2)  + 
ip°(X,  Y)  is  the  single-particle  Hamiltonian,  is  an  ex¬ 
act  equilibrium  solution  to  the  Vlasov-Maxwell  equations 
(12)  and  (13)  with  d/ds  =  0.  There  is  clearly  enor¬ 
mous  latitude[l,  7]  in  specifying  the  functional  form  of 
FH(n°)  in  the  transformed  variables,  with  equilibrium 
examples[10]  ranging  from  the  KV  distribution,  to  the 
waterbag  equilibrium,  to  thermal  equilibrium,  to  mention 
a  few  examples.  Once  the  functional  form  of  Fb(7i°) 
is  specified,  and  tp0  is  calculated  self-consistently  from 
Eq.  (13),  periodically-focused  equilibrium  properties  in  the 
laboratory  coordinates,  such  as  the  density  profile  and  the 
transverse  temperature  profile,  can  then  be  determined  by 
the  pull-back  transformation.  For  example,  to  the  leading 
order,  the  density  profile  is  of  the  form[10] 

ni(w>=<T^'Trfe))'  <18) 

where  n°b{X,  Y)  =  J  dX'dY'  Fg(X,  Y,  X',  Y'). 

4  CONCLUSIONS 

To  summarize,  the  formalism  developed  here  represents 
a  powerful  framework  for  investigating  the  kinetic  equi¬ 
librium  and  stability  properties  of  an  intense  nonneu¬ 
tral  ion  beam  propagating  through  an  alternating-gradient 
quadrupole  field.  First,  the  analysis  applies  to  a  broad  class 
of  equilibrium  distributions  F°(W°)  in  the  transformed 
variables.  Second,  the  determination  of  (periodically- 
focused)  beam  properties  in  the  laboratory  frame  is  rela¬ 
tively  straightforward.  Third,  the  analysis  applies  to  beams 
with  arbitrary  space-charge  intensity,  consistent  only  with 
requirement  for  radial  confinement  of  the  beam  particles 
by  the  applied  focusing  field  (nfqP2c?  >  uj2b/2'y2).  Fi¬ 
nally,  the  formalism  can  be  extended[10]  in  a  straightfor¬ 
ward  manner  to  the  case  of  a  periodic-focusing  solenoidal 
field  Bsoj(x)  =  Bz(s)ez  -  (l/2)B'z(s)(xex+yev),  and  to 
the  case  where  weak  nonlinear  corrections  to  the  focusing 
force  are  retained  in  the  analysis. 
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Simulation  of  Longitudinal  Multibunch  Instabilities  in  CESR* 

D.  B.  Fromowitz,  CESR,  LNS,  Cornell  University* 


Abstract 

A  tracking  simulation  predicts  beam  current  thresholds  in 
CESR  (Cornell  Electron-positron  Storage  Ring)  based  on 
the  longitudinal  dynamics  of  multibunch  beams  in  RF  cav¬ 
ities.  The  simulated  thresholds  are  found  to  have  a  very 
strong  dependence  on  the  frequencies  of  the  HOM  cavity 
Wakefields  and  are  consistent  with  CESR  measurements. 
Fourier  transforms  of  simulated  data  are  also  consistent 
with  observed  spectral  lines  in  CESR.  After  the  phase  III 
upgrade  to  SRF  (Superconducting  RF)  cavities  is  com¬ 
pleted  in  1999,  a  significant  increase  in  the  thresholds  is 
predicted. 

1  INTRODUCTION 

A  new  tracking  code  called  “Oscil”[  1]  was  created  to  study 
how  beam  current  thresholds  are  affected  by  longitudinal 
motion  in  CESR.  “Oscil"  has  no  transverse  degrees  of  free¬ 
dom. 

Section  2  lists  some  of  the  parameters  and  discusses  the 
physics  used  in  Oscil.  Section  3  shows  how  the  simulated 
thresholds  depend  on  particle  and  lattice  variables.  Finally, 
Section  4  states  the  theory  connecting  the  growth  rates  with 
Fourier  spectra  of  the  longitudinal  motion. 

2  TRACKING  DETAILS 

The  Oscil  code  considers  a  single  beam  in  a  storage  ring. 
Other  than  RF  cavities,  there  are  no  explicit  optics;  the  mo¬ 
mentum  compaction  factor  a  represents  all  other  acceler¬ 
ator  elements.  Synchrotron  radiation  effects  are  included 
and  treated  as  continuous.  Many  parameters  are  specified 
at  run  time  including,  but  not  limited  to,  the  number  of 
bunches,  the  bunch  current,  the  number  of  macroparticles 
comprising  each  bunch,  and  the  quantities  that  define  RF 
cavity  modes:  u>,  R/Q,  and  Ql. 

2. 1  Dynamics 

There  are  four  processes  that  fuel  the  longitudinal  phase 
space  motion  of  the  simulated  bunches.  The  first  three  pro¬ 
cesses  modulate  the  bunch  energy.  First,  the  bends  in  the 
ring  cause  synchrotron  radiation  losses.  Next,  the  drive 
(generator)  voltage  waveform  changes  the  bunch  energy. 
The  third  source  of  energy  variations  is  the  cavity  wake- 
fields  left  by  previous  bunches.  This  third  process  is  the 
only  way  that  different  bunches  (or  even  macroparticles 
within  a  bunch)  interact  in  Oscil.  The  last  phase  space  ef- 
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feet  is  the  change  in  the  longitudinal  displacement  between 
cavities  due  to  a  nonzero  a. 

3  SIMULATION  RESULTS 

3.1  Longitudinal  Oscillation  Envelopes 

Using  a  nine-train,  two-bunch  (9x2)  configuration,  the  en¬ 
velope  of  the  longitudinal  displacement  time  evolution  may 
be  obtained  for  a  variety  of  conditions.  First,  if  the  bunches 
are  pointlike  and  only  fundamental  cavity  mode  Wakefields 
are  allowed  (i.e.  there  are  no  HOM’s),  then  the  envelope 
at  72  mA  total  current  is  that  seen  in  Fig.  1 .  The  beam  is 
highly  damped  and  remains  small.  (All  four  cavities  have 
parameters  corresponding  to  copper  CESR  cavities  in  this 
simulation.) 


Figure  1:  Envelope  of  longitudinal  oscillations  of  18  point¬ 
like  bunches  (with  a  42-ns  intratrain  interbunch  spacing)  at 
72  mA  total  current.  The  only  wakefield  is  that  due  to  the 
fundamental  mode.  The  interior  of  the  envelope  is  dark¬ 
ened  for  clarity. 

When  the  total  beam  current  is  increased  to  144  mA,  the 
longitudinal  displacement  undergoes  a  series  of  pulses  as 
seen  in  Fig.  2.  (The  RF  drive  wavelength  is  about  0.60 
m.)  Although  the  fundamental  cavity  and  klystron  drive 
frequencies  are  set  such  that  the  machine  is  Robinson  sta¬ 
ble,  the  presence  of  multibunch  modes  causes  the  displace¬ 
ment  amplitude  to  grow  occasionally. 

As  the  current  is  increased  even  higher,  both  the  period 
and  the  amplitude  of  the  oscillations  become  erratic.  At 
216  mA  total  current,  chaos  ensues  as  illustrated  in  Fig.  3. 
Remember  that  this  chaos  is  caused  by  the  fundamental 
cavity  mode  alone  because  there  are  no  HOM’s! 

Representing  a  bunch  by  many  macroparticles  instead  of 
just  one  greatly  increases  the  execution  time.  However,  it  is 
necessary  to  examine  multiparticle  bunches  to  see  how  the 
behavior  changes.  When  each  of  the  18  pointlike  bunches 
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Table  1:  Differences  between  normal  and  superconducting 
RF  cavities  in  CESR. 


Quantity 

NRF(Cu) 

Cavity 

SRF(Nb) 

Cavity 

fundamental  Ql 

6000 

200,000 

fundamental  R/Q 

427  D/m 

145  D/m 

typical  Vc 

1.5  MV 

1.9  MV 

cells  per  cavity 

5 

1 

1400  MHz  Ql 

1100 

13.0 

1400  MHz  R/Q 

12.6  D/m 

4.7  D/m 

Figure  2:  Longitudinal  oscillation  envelope  at  144  mA  total 
current. 


Figure  3:  Longitudinal  oscillation  envelope  at  2 16  mA  total 
current. 


is  instead  represented  by  200  macroparticles,  the  longitudi¬ 
nal  displacement  envelope  (of  the  bunch  centroid)  becomes 
narrower  in  several  places  as  a  result  of  Landau  damping 
among  the  macroparticles. 

3.2  Beam  Current  Thresholds 

The  CESR  RF  cavities  are  in  the  process  of  being  replaced 
by  SRF  cavities  so  that  the  thresholds  may  be  increased. 
The  main  differences  between  the  NRF  (normal  RF)  and 
SRF  cavities  are  shown  in  Table  1.  The  cavity  voltage  am¬ 
plitude  Vc  is  one  quantity  that  may  vary  quite  a  bit.  Table  1 
only  shows  a  typical  value. 

There  are  two  types  of  thresholds  observed  with  the 
Oscil  code.  The  lower-current  threshold  is  the  current 
at  which  the  always-damped  longitudinal  motion  (as  seen 
in  Fig.  1)  turns  to  a  pulsed-amplitude  motion  (as  seen  in 
Fig.  2).  This  “damping-to-pulses”  threshold  is  plotted  in 
Fig.  4  as  NRF  cavities  are  replaced  with  SRF  cavities  in  a 
simulation  that  includes  the  fundamental  and  1399.8  MHz 
cavity  modes.  This  HOM  of  about  1400  MHz  is  used  be¬ 
cause  it  has  a  high  R/Q  in  both  NRF  and  SRF  cavities. 
Parameters  of  this  mode  are  shown  in  Table  1. 

The  most  notable  feature  is  that  the  current  thresholds 
rise  as  each  NRF  cavity  is  replaced  with  an  SRF  cavity 
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.Damping-to-Pulses  Thresholds  for  9x2-42  ns.  fund,  mode  and  HOM 


200  macroparticles/bunch  > 
1  macroparticle/bunch  ► 


1  2 
number  of  SRF  cavities 


Figure  4:  Damping-to-Pulses  thresholds  for  the  fundamen¬ 
tal  mode  and  a  HOM  (1399.8  MHz)  for  pointlike  bunches 
and  for  bunches  of  200  macroparticles. 


(with  the  total  number  of  cavities  constant  at  four).  The 
thresholds  are  very  similar  for  1-  and  200-macroparticle 
bunches. 

The  higher-current  threshold  is  the  boundary  between 
the  pulsed-amplitude  motion  (as  seen  in  Fig.  2  or  3)  and 
a  higher-current  beam  where  the  initial  growth  rate  is  so 
large  that  the  beam  immediately  diverges.  This  threshold 
is  coined  the  “pulses-to-divergence”  threshold  and  is  illus¬ 
trated  in  Fig.  5. 

The  pulses-to-divergence  threshold  also  increases  with 
the  number  of  SRF  cavities.  However,  this  threshold 
is  markedly  higher  with  multiparticle  bunches  than  with 
pointlike  bunches.  The  thresholds  shown  in  Fig.  5  for  the 
zero-,  one-,  and  two  SRF  cavity  cases  are  close  to  what  has 
been  observed  in  CESR. 

3.3  Cavity  Voltage 

The  current  thresholds  recently  observed  in  CESR  with  one 
or  two  SRF  cavities  were  not  noticeably  higher  than  when 
there  were  no  SRF  cavities.  The  reason  is  that  the  cavity 
voltages  have  often  been  lowered  in  CESR  as  NRF  cavi¬ 
ties  were  replaced  with  SRF  cavities.  The  thresholds  intro¬ 
duced  in  Section  3.2  were  based  on  simulations  using  the 
typical  Vc  from  Table  1  as  the  voltages  for  the  cavities.  If 
actual  CESR  voltages  are  used  in  the  Oscil  simulation,  then 
the  simulated  thresholds  follow  the  trends  of  CESR. 
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Figure  5:  Pulses-to-Divergence  thresholds  for  the  fun¬ 
damental  mode  and  a  HOM  (1399.8  MHz)  for  pointlike 
bunches  and  for  bunches  of  200  macroparticles.  Compare 
with  the  Damping-to-Pulses  thresholds  of  Fig.  4. 

3.4  Effect  of  HOM’s 

The  precise  values  for  the  thresholds  in  CESR  are  not  eas¬ 
ily  duplicated  over  time.  Part  of  the  reason  is  due  to  all 
the  different  cavity  cells  present  and  the  differences  in  tem¬ 
perature  of  each  cell.  In  reality,  there  are  many  different 
HOM’s,  and  even  one  particular  HOM,  such  as  the  1399.8 
MHz  mode,  will  have  a  slightly  different  center  frequency 
in  each  cell.  When  the  pulses- to-divergence  threshold  is 
found  for  two  different  HOM  conditions,  one  with  all  cells 
having  a  HOM  center  frequency  of  1399.8  MHz,  the  other 
condition  having  1398.8  MHz  for  all  cells,  it  is  seen  that 
the  threshold  depends  strongly  on  the  HOM  frequency,  as 
shown  in  Fig.  6.  Also  shown  are  measured  CESR  thresh¬ 
olds  for  zero  and  one  SRF  cavity.  The  1-SRF-cavity  thresh¬ 
old  is  for  28  ns  spacing  and  would  be  higher  for  42  ns  and 
with  a  higher  cavity  voltage  as  explained  in  Section  3.3. 


Pulses-to-Divergence  Thresholds  for  9x2-42  ns,  fund,  and  HOM 
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tuation,  the  actual  temperature  and  shape  differences  from 
cell  to  cell  do  amount  to  several  MHz  variations,  causing  a 
significant  threshold  variation  in  time. 

4  GROWTH  RATES 

The  level  of  the  thresholds  are  partially  explained  by  the 
longitudinal  growth  rates  of  the  beam.  Application  of  a 
growth  rate  formula  from  Chao[2]  shows  that  the  initial 
growth  rate  is  related  to  the  spectral  sidebands  ( h  —  l)u>o  + 
ujs  and  ( h  +  l)w0  -  uis  where  h  is  the  harmonic  number 
of  CESR,  ojq  is  the  revolution  frequency,  and  u>s  is  the  syn¬ 
chrotron  frequency. 

If  at  the  first  cavity  the  longitudinal  displacement  is 
recorded  for  every  pass  of  every  particle  (rather  than  just 
for  the  envelope),  then  the  data  may  be  Fourier  transformed 
to  find  the  sidebands.  A  spectrum  of  the  first  1  ms  of  lon¬ 
gitudinal  displacement  data  from  the  216  mA  beam  repre¬ 
sented  by  Fig.  3  is  shown  as  Fig.  7. 


Figure  7:  Magnitude  of  the  Fourier  transform  of  the  longi¬ 
tudinal  displacement  of  a  216  mA  beam.  The  vertical  lines 
indicate  the  ( h  ±  1)wq  revolution  harmonics. 
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Figure  6:  Pulses-to-Divergence  thresholds  for  pointlike 
bunches  with  the  fundamental  cavity  mode  and  one  HOM. 
The  upper  data  set  is  for  a  1398.8  MHz  HOM;  the  lower 
set  for  1399.8  MHz.  The  X’s  are  measured  CESR  data,  the 
rightmost  X  having  a  28  ns  interbunch  spacing. 

This  1  MHz  HOM  shift  corresponds  to  a  44  K  change 
in  a  given  cell.  Although  this  is  a  large  temperature  flue- 


Pulses-to-Divergence  Thresholds  for  9x2-42  ns,  1  mp/bunch 
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The  sidebands  mentioned  are  significantly  higher  than 
the  surrounding  features.  As  a  comparison,  a  spectrum  of 
the  72  mA  beam  would  show  that  the  indicated  sidebands 
are  slightly  smaller  than  the  sidebands  on  the  other  side 
of  the  (h  ±  l)w0  revolution  harmonics.  This  effect  is  ev¬ 
idence  that  the  observed  instability  is  associated  with  the 
sidebands. 
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Abstract 

The  analytical  treatment  previously  described  [1]  has  been 
extended  to  include  the  important  effect  of  magnetic 
quadrupole  transverse  displacements,  the  chromatic  vari¬ 
ation  of  the  magnetic  focusing,  the  energy  spread  along  the 
bunch  and  possible  microwave  quadrupoles,  the  last  two  in 
relation  to  BNS  damping.  Both,  the  longitudinal  and  trans¬ 
verse  equations  of  motion  are  solved,  the  second  by  using 
the  perturbation  method  with  partial  expansions  developed 
for  this  theory.  The  localized  nature  of  the  quadrupole  dis¬ 
placements  is  preserved  by  using  thin  lenses  and  the  super¬ 
position  principle  for  the  kick  effects.  The  causality  prin¬ 
ciple  applied  to  the  downstream  beam  oscillations  due  to 
the  kicks  is  introduced  via  Heaviside  functions.  The  treat¬ 
ment  presented  [2]  provides  formulae  for  the  tuneshift  in 
the  bunch  and  first-order  solutions  for  the  transverse  beam 
off-sets  within  the  bunch.  It  presents  a  break-through  in  the 
recent  efforts  [3]  to  solve  the  problem  of  the  bunch  stability 
theoretically,  with  realistic  beam  and  linac  models. 

1  EQUATIONS  OF  MOTION 

The  equations  of  motion  for  the  longitudinal  and  transverse 
(vertical)  plane  in  a  linac  with  longitudinal  and  transverse 
wakefields  is  given  in  the  form  of  two  semicoupled  partial 
and  linear  integro-differential  equations  [4]  as: 

dj  (s,z)  eU  - 

— ^ - = - j  c0S(kRFZ  ~  $rf)  ~  (1) 

os  rri()Cz 

-C  j‘  p(z')\Wu  +  — 1  j-  Iz  -  z-)\dz- 

-*(.)[!  + A* W]x  = 

p(z*)(z  —  z*)x(s,  z*)dz*  + 
+AT(s)[l  +  Afc(z)]xQ(s)  (2) 

The  initial  conditions  are: 


WtqC  fz 

7o  Jo 


of  the  truncated  bunch.  The  unknowns  7 (s,  z)  and  x  are 
the  energy  Lorentz  factor  as  well  as  the  vertical  transverse 
displacement  along  the  bunch  at  a  given  linac  position.  A 
piecewise  constant  energy  of  the  bunch  along  the  differ¬ 
ent  linac  sectors  is  assumed  so  that  no  acceleration  term 
proportional  to  §f  appears  in  the  equation  of  motion.  In 
addition,  a  linear  variation  of  the  wakefield  level  along  the 
bunch  in  both  planes  is  assumed.  While  Wl 0  and  Wlx 
represent  the  longitudinal  wakefield  (Wl)  at  the  head  and 
tail  of  the  bunch,  Wto  stands  for  the  transverse  wakefield 
(  Wr )  at  the  tail.  We  use  a  4-th  order  Chebyshev  expansion 
of  a  normalized  Gaussian  charge  distribution  in  the  range 
of  ±2 oz  given  by: 


Me*. iLfi  (^-2y-iu^-2y 

PK  ’  46/b  20  \lB  J  100  \lB  J 


The  quantity  Ak(z)  in  Eq.  (2)  represents  a  variation  of  the 
focusing  force  inside  the  bunch  which  is  caused  by  the  en¬ 
ergy  dependent  focusing  (chromatic  effect)  as  well  as  by 
the  application  of  RF  quadrupoles  in  order  to  reduce  the 
emittance  blowup  caused  by  the  presence  of  wakefields. 
The  constant  C  is  defined  as  C  =  47re0reN  where  e0  is 
the  permittivity  of  free  space,  N  the  number  of  particles  in 
the  bunch  and  re  the  classical  electron  radius.  The  function 
xq(s)  represents  the  actual  quadrupole  misalignments  as 
function  of  the  position  s.  This  function  is  either  random 
or  given  by  recurrence  relations  representing  a  trajectory 
correction  [2], 


2  SOLUTION  OF  THE  LONGITUDINAL 
EQUATION 

Eq.  (2)  can  be  solved  in  a  straightforward  way  by  simple 
integration  w.r.t  the  independent  variable  s.  This  yields 

7 (s,  z)~  70  +  -^-4  cos  ( kRFz  -  $RF)  - 

TOoC4 

— 4neoreNsR(z)  (6) 


x(0,  z)  =  0 

(3) 

dx . 

gj(3=°)=0 

(4) 

The  independent  variables  s  and  z  represent  the  distance 
along  the  linac  and  the  coordinate  inside  the  bunch,  z  is 
zero  at  the  head  and  equal  to  the  bunch  length  lB  at  the  tail 


with 

R(z)=  I"  WL(z  -  z*)p(z*)dz*  (7) 

Jo 

In  this  notation,  is  the  acceleration  phase  at  the  head 
of  the  bunch.  The  function  R(z)  can  easily  be  found  by 
using  the  linear  variation  of  Wl  inside  a  single  bunch  and 
the  Chebyshev  model  (5)  for  the  gaussian  distribution. 
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With  the  definition  C  =  » -R(z)  is  given  by 


matrices  gives  the  dependence  of  q 


R{z)  = 
WL0  x 


(  16a6  144 

x  V  23^  +  23  ■ 

0 


559  4  157 a3  6  A 
46  s  23  s  23  / 


+WL  i  x 

'16  ,  48  5  79  4  1  q 

X  23^  23^  +  46^  +  23^  + 


23s  ) 


(8) 


The  energy  spread  S(s,  z)  inside  the  bunch  is  defined  in  the 
usual  way  as  <5(s,z)  =  (l(s,z)  -  7(s,0))/7(s,z).  How¬ 
ever,  as  a  simplification,  only  the  asymptotic  limit  given  as 
8(z)  =  lims-too5(s,  z)  is  used.  In  this  way  the  z  -  depen¬ 
dent  detuning  force  Afc(z)  is  given  by 


Afc(z)  =  -8(z)  +  a0  sin  ( kRFz  -  $rfq)  (9) 

where  ao  is  the  maximum  focusing  strength  of  the  RF 
quadrupole  and  <&rfq  its  phase  at  the  head  of  the  bunch. 


3  SOLUTION  OF  THE  TRANSVERSE 
EQUATION 

The  linear  partial  integro-differential  equation  for  the  trans¬ 
verse  bunch  displacement  (2)  can  be  solved  in  an  easier 
way  by  separating  two  types  of  solution,  one  only  depend¬ 
ing  on  s  and  one  on  both  independent  variables,  s  and  z. 
Hence,  the  solution  is  decomposed  as 

x(s,z)  =  X(s)  +y(s,z)  (10) 

and  two  new  equations  are  obtained,  one  for  the  coherent 
part  (independent  of  z)  and  one  for  the  incoherent  part  (de¬ 
pending  on  s  and  z)  of  the  bunch  oscillation: 

-  K(s)X(s)  =  K(s)xq(s)  (1 1) 


d  -^2  ~  —  K (s)[!  +  Afc(z)]y(s,  z)  =  A(s)  x 

x  K(s)Ak(z)  +  f  p(z*){z  -  z*)dz*  + 

70‘B  Jo 

CWt  o 


+ 


[  p(z*)( 

Jo 


7o  Ib 

+K(s)Ak(z)xQ(s) 


z  -  z*)y{s,z*)dz*  + 


(12) 


While  Eq.  (11)  represents  the  betatron  motion  in  the  ab¬ 
sence  of  wakefields  and  acceleration,  Eq.  (12)  contains' 
chromatic  contributions  as  well  as  terms  responsable  for 
creating  dispersion  induced  by  the  quadrupole  misalign¬ 
ments.  The  weak  focusing  approximation  is  now  intro¬ 
duced  with  the  average  tune  defined  by  q  =  1//3.  How¬ 
ever,  this  is  used  in  the  focusing  forces  but  not  in  the  terms 
containing  the  quadrupole  misalignments,  to  keep  their  dis¬ 
crete  nature.  Computing  the  /3  functions  from  the  transfer 


q{z)  = 


3(1  +  A  k(z)) 


(13) 


L  (3  -  (1  4-  Afc(z))2  sin2  f) 
x-\/(l  —  cos/r)[2  —  (1  +  Afc(z))2(l  —  cos/r)] 

In  the  case  of  the  coherent  equation  (1 1)  the  tune  follows 
by  substituting  A k(z)  —  0  in  the  above  equation  [4], 


T  (  ,  pcell  .  2  Pcell  \ 

t(eot— +  jtan— jj 


(14) 


In  this  way,  the  actual  equations  of  motion  become 

J 2  y 

+q2X  =  K{s)xq(s) 

+q2{z)y  =  X(s)x 

CWto  f  p(z*j(z  _  z*}dz*  _  (q2  _  ^2^ 
Jo 


(15) 


+ 


L  7o Ib 

Jo  p(z*)(z  ~  z*)y(s>  z*)dz*  + 

+K(s)Ak(z)xQ(s).  (16) 


3. 1  Solution  for  the  coherent  motion 

The  coherent  equation  (15)  describing  the  betatron  motion 
in  the  absence  of  wakefields  and  under  the  influence  of 
quadrupole  misalignments  can  be  solved  by  assuming  lo¬ 
calized  kicks  for  the  actual  quadrupole  displacements.  In 
between  these  kicks  the  solution  is  sinusoidal  and  its  am¬ 
plitude  is  defined  by  the  effects  of  the  kicks  upstream  of 
the  position  considered.  In  order  to  describe  this  limitation 
to  upstream  quadrupoles,  the  Heaviside  Function  H ( s—Sk ) 
is  used  which  has  the  property  to  be  strictly  zero  for  neg¬ 
ative  arguments  and  equal  to  unity  for  positive  ones.  Here 
Sk  denotes  the  fc-th  quadrupole  position  given  by  Sk  =  kL 
if  L  is  half  a  FODO  period.  In  addition  to  this  causality 
principle,  the  method  of  superposition  of  all  the  solutions 
due  to  single  kicks  is  used.  This  is  justified  by  the  linearity 
of  the  equation  and  the  use  of  thin  lenses.  The  solution  is 
then: 

X  =  ——  sin  ~  Yf-l)kxk  sin  [q(s  -  sk)]H(s  -  sk) 
qL  2  * 

(17) 

The  Xk  are  the  actual  quadrupole  misalignements  at  posi¬ 
tion  Sk-  In  Fig.  1,  a  typical  solution  is  shown  for  A  in  a 
FODO  lattice  with  misaligned  quadrupoles  with  an  RMS 
displacement  of  10  pm,  when  p  =  105°.  The  resonant 
behaviour  of  the  solution  arises  from  the  continuity  of  the 
frequency  spectrum  of  a  random  function  which  contains 
the  unperturbed  betatron  frequency  on  the  left  side  of  Eq. 
(15). 
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Fig.  1  Solution  X(s)  in  the  presence  of  quadrupole 
misalignments 

3.2  Solution  for  the  incoherent  motion 

Equation  (16)  can  be  rewritten  as 

0  +  q2(z ;  EA  k(z))y  =  A(z)X(s)  + 
+K(s)AIc(z)xq(s)  + 

+£<7oE°  Jo  P^Z*^Z  ~  z*Ms’z*)dz*  < 


I1  p(z*)(z-z*)dz*-(q2-q2(z)) 
Jo 


yw{s,z)  =  yh  + 


sin  qs  fs 

Q  Jo 


cos  qs*g(s*)ds*  — 


cos  qs  f  . 
- —  /  si 

q  Jo 


sin  qs*g(s*)ds* 


where  g(s)  represents  the  right  hand  side  of  Eq.  (20).  After 
integration  the  final  result  becomes 

y(0)(s,  z)  =  y0  cos  q(z)s  +  sing(z)s  + 

q{z) 

Nq 

+A(z )  Y]  r  -/  1  sin  (a*/2)(— 1  )kxkH(s  -  sk )  X 
Lqq(z) 


x  [sin  q{z)sl\  (s,  Sk)  -  cosg(z)s/2(s,Sfc)]  + 

2 

+A k(z)  sin  (fi/2)  x 

Lq{z) 

Nq 

X  £(-l)fezfc  sin q(z)(s  -  sk)H{s  -  sk)  (22) 
fc=i 

where 

h  (s,Sk)—  /  cos  qs*  sin  q(s  —  Sk)ds*  (23) 
Jsk 

h  (s,Sk)=  f  sin  qs*  sin  q(s  -  Sk)ds*.  (24) 
Jsk 

Evidently  /i,2  permit  a  closed  form  solution  and  these 
expressions  contain  denominators  of  the  form  q2  —  q2{z) 
which  clearly  exhibit  the  near  resonance  dynamics  of  the 
single  bunch  problem  with  wakefields. 

Fig.  2  shows  a  comparison  of  the  perturbative  ana¬ 
lytical  solution  yW  to  a  numerical  one  obtained  by  the 
code  MUSTAFA  [5]  for  CLIC  main  linac  parameters  of 
N  =  6  •  109  and  an  RMS  bunch  length  of  az  =  200  y.m  at 
the  linac  position  s  —  1000  m. 

y[fim) 


CWto 
7o  h 


Using  the  approximation  (5)  for  p(z )  the  coefficient  func¬ 
tion  A{z)  becomes  a  sixth  order  polynomial.  The  formal 
perturbation  parameters  E  and  e  multiply  small  contribu¬ 
tions  such  as  the  wakefields.  However,  the  expansion  is 
only  made  with  respect  to  one  of  them,  namely  e  in  or¬ 
der  to  keep  the  z  dependent  tune  q  to  any  order  and  in 
this  way  avoid  the  occurence  of  secular  terms.  Hence 
y  —  y^°\s,z;E)  +  ey^(s,z\E)  +  0(e2).  Already  the 
lowest  order  contribution  y(°)  (s,  z)  has  been  proven  to  de¬ 
scribe  the  solution  sufficiently  well  for  the  case  of  the  CLIC 
main  linac.  The  equation  for  y(°)  is 

~g--2-  +  q2(z)y(0)  =  X(s)A(z)  +  K(s)xQ(s)Ak(z) 

(20) 

and  this  linear  inhomogeneous  second  order  equation  is 
solved  as  usual  by  adding  the  homogeneous  solution  y h  to 
the  particular  one  found  applying  Green’s  formula. 
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Fig.2  Comparison  of  the  analytical  and  the  numerical 
result  for  y(z)  at  s  —  1000  m. 

To  conclude,  it  can  be  pointed  out  that  the  agreement  in 
amplitude  and  frequency  of  the  analytical  (full  line)  and  nu¬ 
merical  result  (points)  is  very  good.  The  local  differences 
in  phase  mainly  originate  from  the  fact  that  MUSTAFA 
uses  a  strong  focusing  model  while  the  theory  is  based  on 
the  weak  focusing  approximation.  In  addition  the  sequence 
of  random  numbers  chosen  in  both  examples  is  different  al¬ 
though  both  sequences  have  the  same  RMS  value. 
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Preliminary  Design  of  the  CLIC  Drive-Beam  Transfer  Line. 

T.E.  d’ Amico  and  G.  Guignard,  CERN,  1211  Geneva  23,  Switzerland. 


ABSTRACT 

In  the  drive-beam  generation  complex  of  CLIC  there  is  an 
important  beam  transfer  line  between  the  drive-beam 
accelerator  and  the  drive-beam  decelerators,  where  the  30 
GHz  RF  power  is  generated  in  the  decelerator  structures. 
The  design  proposed  for  this  transport  system  is  based  on 
building  blocks  or  beam  optics  subsystems,  which  have 
been  individually  studied  in  detail  and  can  be  combined  in 
order  to  cover  specific  functions.  One  function  consists  of 
bending  the  beams  wherever  required  by  the  geometrical 
layout,  so  as  to  preserve  the  bunch  length  and  keep  the 
bending  arc  compact  and  compatible  with  acceptable 
synchrotron  radiation.  Other  functions  are  to  adjust  the 
path  length  of  each  drive  beam  for  synchronism  with  the 
main-linac  beam  and  to  compress  or  stretch  the  bunch 
according  to  the  needs.  Furthermore,  there  are  vertical  and 
horizontal  beam  translations,  isochronous  or  acting  as  a 
compressor,  and  ^-function  transformers  for  matching  the 
optics.  All  these  functions  are  necessary  in  the  drive-beam 
transfer  that  precedes  injection  into  the  decelerators. 

1  MAIN  FUNCTION  DESCRIPTION 

The  different  parts  of  the  beam  transport  system  between 
the  drive-beam  accelerator  and  the  many  drive-beam 
decelerators  (making  up  the  CLIC  RF  power  source  [1]) 
must  in  general  terms  cover  four  types  of  functions: 

1.  Bending  the  beams  where  required  in  order  to  follow 
the  geometrical  lay-out  of  the  drive  beam  generation 
complex,  in  such  a  way  that  the  bunch  length  is 
preserved  and  the  bending  arc  is  as  compact  as 
possible,  compatible  with  tolerable  synchrotron 
radiation  effects. 

2.  Adjusting  the  path  length  of  each  individual  drive 
beam  in  order  to  regulate  of  the  synchronism  of  the 
beams  with  the  main  linac  beam,  when  they  are 
injected  into  the  separated  decelerating  sections. 

3.  Compressing  and  also  stretching  the  bunch  length 
according  to  the  needs  at  the  different  stages  of  the 
beam  acceleration  and  multiplication. 

4.  Vertical  or  horizontal  beam  translation,  isochronous 
or  combined  in  specific  cases  with  a  bunch 
compression. 

Each  of  the  four  functions  have  been  studied  and  are 
present  in  various  places  of  the  drive  beam  generation 
complex.  Function  1  appears  each  time  the  beam  has  to 
be  bent,  for  instance  after  the  pre-acceleration,  between 
the  combining  rings  and  mainly  in  the  “turn-around”  loop 
preceding  the  injection  in  the  decelerator.  Function  2  is 


only  required  before  the  injection  into  the  decelerator 
while  Function  3  is  essential  into  the  accelerating  linac 
and  immediately  after  the  “turn-around”  loop  in  order  to 
satisfy  the  conditions  assumed  for  the  bunch  length, 
considering  the  drive  beam  stability.  Function  4  serves 
mainly  for  the  vertical  translation  needed  after  the  turn¬ 
around  because  of  the  geometry  adopted  in  the  tunnel,  but 
also  for  the  incoming  drive  beam  which  has  to  be  lifted 
up  to  the  level  of  the  “turn-around”  loop.  The  whole 
complex  which  requires  the  four  functions  is  briefly 
described  below. 

2  OVERVIEW  OF  THE  TURN  AROUND. 

The  drive  beam  accelerator  and  the  combiner  rings  are 
planned  to  be  in  a  central  position  with  respect  to  the  two 
main  linacs  of  the  collider,  which  means  that  all  the  drive 
beams  have  to  be  first  transported  in  a  direction  opposite 
to  the  main  beams,  before  being  turned  around  through  a 
360°  loop  and  injected  into  the  different  decelerators  [1] 
where  they  travel  parallel  to  the  main  beams.  The 
transport  line  for  the  beam  going  upstream  is  of  course 
situated  in  the  same  tunnel  as  the  decelerators,  near  the 
highest  point  in  order  to  minimise  the  loss  of  space  in  the 
accessible  area  (Fig.  1).  This  position  offers  the 
advantage  of  keeping  the  “turn-around”  loops  near  the 
roofs  of  the  tunnel  and  of  the  alcoves  which  will  house 
the  loops.  This  prevents  geometrical  interference  with  the 
main  linac  and  the  decelerators  which  are  placed  on  a 
common  concrete  support  (Fig.  1),  at  about  1  m  above  the 
level  of  the  tunnel  floor.  The  difference  in  elevation  of 
the  beams  going  upstream  and  downstream  (1.5  m 
approximately)  imposes  the  need  for  vertical  bends  to 
bring  the  drive  beams  down  before  their  injection  in  the 
decelerators.  In  addition,  the  up-going  beam  is  not  exactly 
above  the  down-going  beam  of  the  power-linac,  since  the 
two  have  to  run  anti-parallel  over  a  short  distance  near  the 
roof  (where  the  path-length  chicane  is  foreseen);  they  are 
horizontally  separated  by  0.75  m.  In  addition,  the 
transport  line  carrying  the  up-going  drive-beams  must  run 
without  interruption  all  the  way  to  the  starting  point  of  the 
main  linac  (also  the  injection-point  of  the  first  drive- 
beam).  This  transport  line  must  therefore  be  placed 
slightly  below  the  level  of  the  turn-around  loop  (0.25  m) 
to  avoid  a  crossing  at  the  same  level.  Each  drive-beam 
entering  its  specific  loop  is  therefore  deflected  vertically. 
The  relative  vertical  positions  of  the  different  beam  lines 
are  shown  in  Fig.  1  and  in  the  elevation  of  Fig.  2.  The 
latter  shows  the  location  of  the  vertical  bends  bringing  the 
beam  from  roof-level  to  decelerator  level  just  above  the 
beam-dump  line  of  the  preceding  drive-beam. 
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Figure  1  Tunnel  cross-section  with  the  transfer  lines. 

This  compact  design  minimises  the  space  lost  for  power 
transfer.  The  various  elements  of  the  turn-around  appear 
in  the  plan  view  of  Fig.  2.  The  up-going  drive-beam 
comes  from  the  left  through  a  FODO  line.  After  a  vertical 
deflection,  the  selected  drive-beam  pulse  enters  the  360° 
loop,  consisting  of  a  90°  right-turn  followed  by  three  90° 
left-turns.  Drifts  are  added  to  adjust  the  geometry  and 
separate  the  axes  of  the  down-  and  up-going  beams. 

After  the  loop,  the  beam  traverses  a  special  kind  of 
chicane  or  “dipole-snake”  that  serves  to  adjust  the  path 


length  and  compress  the  bunch.  It  then  goes  through  a 
dipole  that  is  only  turned  on  in  case  of  emergency  to 
deviate  the  beam  onto  a  dump.  The  drive  beam  pulse  is 
then  bent  down  to  reach  the  decelerator  injection-point.  A 
further  bunch  compression  is  done  in  this  downward 
bend.  Fig.  2  also  shows  part  of  the  previous  decelerator 
section  (coming  from  the  right)  which  ends  with  a  dipole 
and  half-quadrupoles  to  bend  the  spent  beam  (with  a  large 
energy  spread)  into  the  same  dump.  The  various  elements 
or  optics-modules  of  this  area  are  described  below. 

The  size  of  the  alcove  containing  the  turn-around  as  well 
as  its  relative  position  in  the  tunnel  are  shown  in  Fig.2. 
There  are  as  many  alcoves  as  there  are  drive  beam  pulses; 
they  can  also  be  used  to  house  electronics  racks. 

3  TURN-AROUND  LATTICE. 

As  seen  in  Section  2,  the  turn-around  consists  of  four 
modules,  each  with  a  90°  bend.  These  modules  are 
designed  to  be  isochronous  (R%  =  0)  in  order  to  preserve 
the  bunch  length  and  are  based  on  the  design  concept 
elaborated  for  such  applications  with  compact  lattice  and 
acceptable  synchrotron  radiation  effects  [2].  A  module 
includes  three  dipoles  of  equal  length,  two  quadrupole 
doublets  between  them  to  control  dispersion  as  well  as 
beam  focusing  and  one  triplet  to  join  the  modules.  The 
dispersion  is  adjusted  such  that  the  integral  of  D(s)/  p(s) 
is  zero  in  the  bending  magnets  (of  bending  radius  p)  and 
D  vanishes  in  the  triplet.  An  optimisation  of  the  magnet- 
and  drift-length  provides  compact  modules  with 
reasonable  [^-amplitudes  and  magnetic  fields.  Fig.  3  gives 
a  sketch  of  one  module  as  well  as  the  fi-functions  and  the 


Figure  2  -  Sketched  Layout  of  the  transfer  lines. 
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dispersion  achieved.  Table  1  lists  the  main  parameters. 


Table  1  -  Isochronous  module  parameters. 


Bending  magnet  length 

[m] 

1.6 

Bending  magnet  fields 

m 

1.0/ 1.8 

Bending  angle  per  dipole 

[deg.] 

23.5  /43 

Bending  radius 

[m] 

3.9/2.15 

Quadrupole  length 

[m] 

0.3 

Quadrupole  gradient 

[T/m] 

26.0 

Module  length 

[m] 

11.0 

Transfer  matrix  coefficient  R,, 

[m] 

0.00 

Toble  nome  =  TWISS 


Figure  3  Optical  functions  of  one  isochronous  module. 


most  of  the  bunch  compression  needed  in  addition,  i.e. 
RM=  0.13  m,  the  remaining  compression  of  0.03  m  being 
provided  by  the  vertical  translation  that  follows.  In  the 
drive-beam  accelerator,  the  head  of  the  bunch  has  an 
energy  above  average  and  the  tail  below.  Such  a 
correlation  requires  a  positive  R56  for  bunch  compression 
and  the  consequent  use  of  a  double-bend  with  two  dipoles 
deflecting  the  beam  in  the  same  direction,  i.e.  with  p  and 
0O  of  the  same  sign.  To  provide  the  desired  Revalue,  it  is 
necessary  to  have  a  succession  of  four  double-bends 
arranged  in  a  geometry  that  looks  like  a  long  chicane 
(Fig.  2).  A  single  quadrupole  between  the  two  bends 
controls  the  dispersion  and  a  triplet  of  quadrupoles 
focuses  the  beam  in  the  two  transverse  planes.  The 
following  parameters  were  selected  to  give  RK  =  0.13  m 
and  A1  =  0.5  mmlmrad: 

0B  =  16°,  /B  =  1.23  m,  B  =  0.88  T,  lQ  =  0.2  m,  GQ  =  20  T/m 

A  path-length  adjustment  of  2  mm  implies  a  change  in  the 
bending  angle  of  4  mrad  with  /drifl  =  0.5  m  . 

The  elevation  difference  of  1.5  m  between  the  upstream- 
and  downstream-going  beams  (Fig.  2)  implies  a  vertical 
translation  that  can  be  combined  with  some 
compression  of  the  bunch,  using  double-bends  again. 
This  function  is  achieved  by  half  a  “dipole-snake”,  i.e. 
two  double-bends  separated  by  a  drift  given  by  the 
geometry,  and  bending  the  beam  into  opposite  directions. 
The  coefficient  R56  of  this  module  is  equal  to  0.03  m  in 
order  to  give  with  the  path  length  module  the  total  of  0.16 
m  that  is  required.  The  following  parameters  have  been 
obtained  for  these  two  vertical  double-bends  : 

eB=ll°,  /B  =  1 .23  m,  B  =  0.6  T,  lQ  =  0.2  m,  GQ  =  38  T/m 

The  drift  in  the  middle  of  the  module,  containing  a 
matching  quadrupole  triplet,  has  a  total  length  equal  to 
1.0  m,  to  satisfy  the  translation  amplitude  required. 


The  total  circumference  of  the  turn-around  is  near  45  m. 
The  coherent  synchrotron  radiation  effect  at  1 .24  GeV  is 
tolerable.  The  path  length  variation  within  the  bunch,  for 
a  momentum  spread  ts.pl p  of  +  0.025,  is  strongly  reduced 
with  one  family  of  sextupoles  placed  near  the  doublets, 
where  the  dispersion  is  relatively  large. 

4  OTHER  BEAM  TRANSFER  MODULES 

To  adjust  the  phasing  of  each  drive  beam  requires  a  fine 
tuning  of  the  path  length  before  injection  into  the 
decelerator  and  the  addition  of  a  kind  of  special  chicane 
or  “dipole-snake”,  after  the  “turn-around”  loop.  This 
chicane  has  to  provide  a  non-zero  R56  coefficient  in  order 
to  introduce  a  correlation  between  the  path-length 
variation  A l  and  a  change  A0  of  the  deviation  angle  in  the 
“snake”,  around  a  finite  average  value  0O  for  the  dipoles. 
The  sign  of  R56  is  not  important  since  the  sign  of  A0  is 
free,  but  its  amplitude  must  allow  an  adjustment  A / 
between  ±  2  mm  and  ±  5  mm  (i.e.,  half  the  RF  period  at 
30  GHz).  Rk  has  therefore  been  chosen  such  as  to  achieve 


At  various  locations  of  the  drive  beam  transport  system, 
matching  Twiss  functions  at  zero-dispersion  is  needed. 
This  happens  at  the  junction  between  the  transport  line  of 
the  incoming  beam  and  the  first  90°  isochronous  module, 
between  the  turn-around  and  the  path-length  module,  the 
latter  and  the  vertical  translation,  and  this  translation  and 
the  drive-beam  decelerator.  In  most  cases,  it  is  an 
adjustment  to  a  FODO  type  lattice  or  between  two  FODO 
type  lattices.  This  is  best  achieved  by  using  quadrupole 
triplets  of  the  type  “FODO  transformer”  (that  transforms 
a  (i-crossing  with  equal  and  opposite  derivatives  into  a 
different  P-crossing  with  opposite  slopes  also),  the 
properties  of  which  have  been  studied  elsewhere  [3]. 
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Abstract 

Synchrotron  radiation  interacting  with  the  vacuum  cham¬ 
ber  walls  in  a  storage  ring  produce  photoelectrons  that  can 
be  accelerated  by  the  beam,  acquiring  sufficient  energy  to 
produce  secondary  electrons  in  collisions  with  the  walls.  If 
the  secondary-electron  yield  (SEY)  coefficient  of  the  wall 
material  is  greater  than  one,  as  is  the  case  with  the  alumi¬ 
num  chambers  in  the  7-GeV  Advanced  Photon  Source 
(APS)  storage  ring,  a  runaway  condition  can  develop.  As 
the  electron  cloud  builds  up  along  a  train  of  stored  posi¬ 
tron  or  electron  bunches,  the  possibility  exists  that  a  trans¬ 
verse  perturbation  of  the  head  bunch  will  be  communi¬ 
cated  to  trailing  bunches  due  to  interaction  with  the  cloud. 
In  order  to  characterize  the  electron  cloud,  a  special  vac¬ 
uum  chamber  was  built  and  inserted  into  the  ring.  The 
chamber  contains  10  rudimentary  electron-energy  analyz¬ 
ers,  as  well  as  three  targets  coated  with  different  materials. 
Measurements  show  that  the  intensity  and  electron  energy 
distribution  are  highly  dependent  on  the  temporal  spacing 
between  adjacent  bunches  and  the  amount  of  current  con¬ 
tained  in  each  bunch.  Furthermore,  measurements  using 
the  different  targets  are  consistent  with  what  would  be 
expected  based  on  the  SEY  of  the  coatings.  Data  for  both 
positron  and  electron  beams  are  presented. 

1  MOTIVATION 

Postulation  of  an  electron-cloud  instability  (ECI)  arose 
from  observations  with  stored  positron  beams  at  the  KEK 
Photon  Factory  [1],  Similar  results  were  later  obtained  at 
BEPC  [2]  and  possibly  at  CESR  [3].  Theoretical  simula¬ 
tions  predict  large  amplitude  motions  produced  in  the  tail 
of  positron  bunch  trains,  leading  to  beam  loss  [4].  Al¬ 
though  results  from  the  models  are  consistent  qualitatively 
with  the  observations,  the  electrons  had  not  been  directly 
measured.  The  goal  of  the  measurements  at  the  APS  stor¬ 
age  ring  is  to  characterize  the  electron  cloud  (EC)  so  as  to 
better  predict  conditions  leading  to  a  possible  electron- 
cloud  instability.  Of  particular  interest  is  to  provide  realis¬ 
tic  limits  on  critical  input  parameters  in  the  models:  the 
SEY  of  different  surfaces  in  a  real  chamber  and  the  influ¬ 
ence  of  single  or  multiple  reflections  of  the  photons. 

2  EXPERIMENTAL  SETUP 

In  order  to  measure  the  properties  of  the  electron  cloud, 
a  special  5-m  vacuum  chamber,  equipped  with  rudimen- 
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tary  electron  energy  analyzers,  beam  position  monitors 
(BPMs)  and  targets,  was  built  and  installed  in  a  field-free 
region  in  the  APS  storage  ring  [5]  in  May  1998.  The  loca¬ 
tions  of  the  components  are  shown  in  Fig.  1.  EA6  is  a 
copper  end  absorber  designed  to  intercept  high-energy 
photons  to  protect  the  downstream  surfaces.  Given  that  the 
chamber  is  straight,  the  bending  magnet  synchrotron  ra¬ 
diation  fan  penetrates  slightly  farther  into  the  channel  at 
the  downstream  detectors. 

The  electron  detector  consists  of  two  mesh  grids  in 
front  of  a  collector:  the  outermost  grid  is  grounded,  and  a 
bias  voltage  can  be  applied  to  the  shielded  grid.  The  col¬ 
lector  is  graphite-coated  to  lower  the  secondary-electron 
yield  (SEY)  and  is  biased  at  +45  V  with  a  battery  to 
maximize  its  collection  efficiency.  The  average  detector 
resolution  is  4%  fwhm,  measured  using  100-eV  electrons 
from  an  electron  gun. 

The  detectors  are  mounted  on  a  2-3/4  in.  flange  on  a 
standard-aperture  vacuum  chamber  as  close  to  directly 
opposite  the  antechamber  channel  as  its  geometry  will 
allow,  as  shown  in  Fig.  1.  The  channel  allows  most  of  the 
high-energy  photons  to  escape  without  interacting  with  the 
chamber  walls.  The  penetration  into  the  vacuum  chamber 
for  the  detectors  was  slotted  for  rf  shielding  and  coupling 
impedance  considerations.  A  standard  BPM  is  mounted 
opposite  a  detector  at  three  locations  for  comparison.  The 
BPM  surface  area  and  the  detector  aperture  are  both  ~1 
cm2.  A  removable,  water-cooled,  target  is  shown  inserted 
in  the  channel  to  the  right.  Data  were  collected  by  meas¬ 
uring  the  collector  current  with  a  picoammeter  as  a  func¬ 
tion  of  bias  applied  to  the  retarding  grid. 

3  MEASUREMENTS 

Amplification  of  the  electron  cloud  due  to  secondary  pro¬ 
duction  is  expected  to  be  the  most  serious  factor  leading  to 
a  possible  EC  instability.  Machine  studies  at  the  APS  stor¬ 
age  ring  were  designed  to  characterize  and  distinguish 
among  the  various  contributions  to  the  electron  cloud.  For 
a  fixed  beam  energy,  the  average  total  number  of  pho- 
toemitted  electrons  (PE)  will  be  linear  with  beam  current 
and  independent  of  the  temporal  distribution  of  the  beam. 
This  contribution  includes  photoelectrons  and  secondaries 
produced  in  the  collision  of  the  photons  with  the  walls.  In 
the  absence  of  multipactoring  effects,  the  electron  density 
will  depend  primarily  on  the  distance  from  the  main  elec¬ 
tron  source,  the  EA6  absorber,  and  in  a  minor  way  on 
electrons  produced  by  the  bending  magnet  radiation  and  x- 
rays  that  are  emitted  by  fluorescence  from  EA6.  In  con- 
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Figure  1:  Modified  chamber  (top  view)  showing  locations  of:  electron  detectors  1-10;  BPMs  a,  b,  and  c;  and  targets  A, 
B,  and  C.  On  the  right  is  a  cross-section  schematic  showing  target  and  mounting  of  detectors. 


trast,  the  total  number  and  energy  distribution  of  secon¬ 
dary  electrons  (SE),  produced  in  collisions  with  the  walls 
by  EC  electrons  accelerated  by  the  beam,  will  be  highly 
dependent  on  the  bunch  charge  and  spacing,  since  this 
determines  the  acceleration  of  the  electrons  (the  SEY  is 
energy-dependent). 

3.1  Positrons 

A  typical  measurement  of  the  detector  current,  normalized 
to  the  total  beam  current,  as  a  function  of  bias  voltage  (I- 
V)  is  shown  in  Fig.  2  for  four  of  the  detectors.  In  this  ex¬ 
ample,  20  mA  are  stored  in  10  bunches  spaced  at  128  rf 
buckets,  or  0.36  (is.  The  +45  V  bias  on  the  collector  as¬ 
sures  that  all  the  electrons  are  collected  when  the  bias  grid 
voltage  is  positive,  i.e.,  the  peak  of  the  I-V  curve  is  the 
total  number  of  electrons  integrated  over  all  energies.  The 
normalized  electron  current  at  this  large  spacing  is  identi¬ 
cal  to  that  with  a  single  bunch;  therefore,  this  I-V  signa¬ 
ture  is  believed  to  be  determined  mostly  by  the  PE. 

The  dependence  on  the  detector  location  is  seen  in  Fig. 
3.  As  expected,  EA6  is  the  primary  source  of  electrons, 
dominating  the  signal  at  detectors  1-2  (<  0.3  m).  The 
nearly  linear  slope  of  the  normalized  current  at  the  128- 
bucket  spacing  for  detectors  4-9  (>  0.5  m)  is  consistent 
with  their  location. 


Figure  2:  Normalized  detector  current  vs.  bias  voltage  for 
10  bunches  spaced  by  128  buckets. 


Figure  3:  Total,  normalized  electron  current  per  detector 
vs.  distance  from  EA6  as  a  function  of  bunch  spacing  (10 
bunches,  20  mA). 


Beam-induced  Multipactoring 

A  dramatic  amplification  of  the  signal  is  observed  at  a 
7-bucket  bunch  spacing  (~20  ns),  shown  in  Fig.  3.  This 
can  be  attributed  to  the  SE  contribution.  Detectors  6-9 
(>1.4  m  from  EA6)  show  a  higher  amplification,  which 
we  speculate  comes  from  multiple  scattering  of  electrons 
originating  from  the  absorber.  A  scan  in  the  bunch  spacing 
(10  bunches  total)  gives  a  peak  in  the  normalized  electron 
current  at  a  spacing  between  8-10  buckets,  shown  in  Fig. 
4.  In  addition,  there  is  a  factor  of  2.6  increase  in  the  nor¬ 
malized  electron  current  when  increasing  the  beam  current 
from  10  to  20  mA,  although  the  position  of  the  peak  re¬ 
mains  roughly  constant.  A  fine  scan  between  1-10  bucket 
spacing  reveals  sharp  peaks  at  7  and  possibly  9,  shown  in 
the  insert.  A  beam  instability,  likely  unrelated  to  ECI, 
limited  the  bunch  current  at  short  spacings.  Figures  3  and 
4  give  evidence  of  a  beam-induced  multipactoring  effect 
[6];  the  bunch  spacing  at  the  peak  current  equals  the  wall- 
to-wall  time-of-flight  in  the  vertical  direction  (full  height 
42  mm)  of  electrons  with  an  average  energy  of  8-12  eV. 


Figure  4:  Comparison  of  normalized  electron  current  as  a 
function  of  bunch  spacing  and  current  (10  bunches  total). 


The  electron  energy  distribution  is  dominated  by  low- 
energy  electrons,  seen  in  the  derivative  of  the  I-V  curves 
(Fig.  5).  The  derivatives  have  been  normalized  to  high- 


1642 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


light  the  differences  in  the  energy  distributions.  The  bunch 
spacing  affects  the  shape  of  the  high-energy  tail,  giving  a 
longer  tail  for  the  multipactoring  conditions. 


0  50  100  150  200  250  300 

obs(Voltoge)  (Volt) 


Figure  5:  Electron  energy  distribution  vs.  bunch  spacing. 

The  buildup  of  the  EC  was  measured  for  bunch  trains  of 
varying  lengths.  As  expected,  the  buildup  was  most  pro¬ 
nounced  at  the  7-bucket  spacing,  and  the  most  dramatic 
increases  occurred  for  detectors  farthest  from  EA6.  Figure 
6  shows  the  normalized  current  for  detector  9  for  bunch 
trains  of  varying  length,  with  1-2  mA/bunch.  The  total 
amplification  at  2  mA/bunch  is  a  factor  of  360  in  normal¬ 
ized  current,  and  50  times  higher  still  in  absolute  electron 
current.  A  pressure  rise  of  a  factor  of  20  was  observed  for 
these  conditions  over  the  pressure  without  multipactoring 
(0.5  nTorr),  indicative  of  enhanced  desorption  induced  by 
the  secondary  electrons,  and  giving  independent  evidence 
of  the  multipactoring  effect  [6],  A  saturation  effect  is  ob¬ 
served  beyond  a  certain  number  of  bunches,  beyond  which 
the  increases  becomes  linear. 


O  10  20  30  40  50  60 

bunch  train  length  (spacing  7  x  2.84  ns) 


Figure  6:  Amplification  of  EC  over  bunch  trains. 

The  variation  with  target  SEY  was  measured  by  insert¬ 
ing  each  of  the  targets  (Cu,  oxidized  Al,  and  TiN)  sepa¬ 
rately.  Ratios  of  the  detector  current  at  7-bucket  spacing 
(maximum  SE)  and  128-bucket  spacing  (minimum  SE) 
were  obtained.  The  ratio  was  greatest  for  Al  and  about  the 
same  for  Cu  and  TiN,  which  is  roughly  consistent  with  the 
relative  SEY.  The  differences,  however,  were  small, 
which  is  to  be  expected  since  the  surface  areas  of  the  tar¬ 
gets  are  small  compared  to  that  of  the  chamber. 

The  maximum,  normalized  detector  currents  decreased 
over  time  for  the  same  beam  conditions  as  the  walls  be¬ 
came  conditioned  after  installation  of  the  chamber.  After 
an  integrated  current  of  62.5  A-h,  the  PE-dominated  signal 


decreased  by  20%  and  the  SE-dominated  signal  decreased 
by  45%.  This  suggests  that  as  the  oxidized  Al  surface  be¬ 
comes  more  metallic  as  a  result  of  conditioning,  the  SEY 
is  lowered,  which  affects  the  SE  to  a  greater  degree  com¬ 
pared  to  the  PE. 

3.2  Electrons 

Conversion  to  electrons  in  Sept.  1998  allowed  comparison 
of  the  electron  cloud  data  with  a  positron  beam.  The  re¬ 
sults  are  qualitatively  very  similar.  There  is  a  peak  in  the 
normalized  electron  current  with  bunch  spacing,  although 
it  occurs  at  an  11 -bucket  spacing.  This  is  not  unexpected, 
as  the  trajectories  of  low-energy  electrons  accelerated  by 
an  electron  beam  will  differ  from  those  by  a  positron 
beam.  The  buildup  of  the  electron  cloud  was  also  observed 
over  long  trains  of  bunches,  with  a  similar  saturation  ef¬ 
fect.  The  amplification  is  more  modest:  a  factor  of  14  at 
50  bunches  with  2  mA/bunch. 

4  SUMMARY 

Dramatic  amplification  has  been  observed  in  the  electron 
cloud  in  the  APS  storage  ring  under  certain  stored  beam 
conditions.  Beam-induced  multipactoring  effects  gave  rise 
to  amplification  factors  up  to  18,000  in  long  positron 
bunch  trains  with  2  mA/bunch,  spaced  at  7  rf  buckets  (-20 
ns).  A  pressure  rise  of  an  order  of  magnitude  was  ob¬ 
served  for  these  conditions,  over  that  without  multipac¬ 
toring.  More  modest  amplifications  were  seen  for  long 
electron  bunch  trains,  but  at  a  spacing  of  1 1  buckets.  Al¬ 
though  the  electron  cloud  instability  is  not  a  resonant  phe¬ 
nomenon,  beam-induced  multipactoring  appears  to  be  an 
important  effect  in  the  amplification  and  buildup  of  the 
electron  cloud.  Preliminary  results  with  targets  of  different 
materials  show  a  reduction  in  the  SE  production  for  Cu  or 
TiN  surfaces  compared  to  oxidized  Al.  Comparisons  of 
these  data  with  simulations  are  planned,  with  the  goal  of 
developing  an  empirical  model  for  realistic  chamber  geo¬ 
metries.  A  detailed  report  is  in  preparation. 

5  ACKNOWLEGEMENTS 

The  authors  would  like  to  thank  J.  Galayda  for  the  inpira- 
tion  for  these  studies,  and  G.  Goeppner,  J.  Gagliano,  J. 
Warren,  M.  McDowell,  and  B.  Yang  for  their  technical 
assistance.  This  work  was  supported  by  the  U.S.  Depart¬ 
ment  of  Energy,  Office  of  Basic  Energy  Sciences,  under 
Contract  No.  W-31-109-ENG-38. 

6  REFERENCES 

[1]  M.  Izawa,  Y.  Sato,  T.  Toyomasu,  Phys.  Rev.  Lett.  74,  5044  (1995) 

[2]  Z.Y.  Guo  et  al.,  Proc.  of  1997  PAC,  1566  (1998)  and  Proc.  of 
1998  EPAC,  957  (1998) 

[3]  J.T.  Rogers,  KEK  Proc.  97-17, 42  (Dec.  1997) 

[4]  K.  Ohmi,  Phys.  Rev.  Lett.  75, 1526  (1995) 

[5]  ANL  Report  Nos.  ANL  87- 1 5  ( 1 987)  and  ANL/APS/TB-26  ( 1 996) 

[6]  O.  Grobner,  Proc.  of  10*  Int’l  Conf.  on  High  Energy  Accel.,  Prot- 
vino,  277  (1977) 


1643 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

IMPEDANCE  AND  THE  SINGLE  BUNCH  LIMIT  IN  THE 

APS  STORAGE  RING 

K.  C.  Harkav +.  M.  Borland,  Y.-C.  Chae,  L.  Emery,  Z.  Huang,  E.  S.  Lessner, 

A.  H.  Lumpkin,  S.  V.  Milton,  N.  S.  Sereno,  B.  X.  Yang,  Advanced  Photon  Source 
Argonne  National  Laboratory,  Argonne,  IL  60439  USA 


Abstract 

The  single-bunch  current  limit  and  tune  shift  with  current 
have  been  documented  over  time  in  the  7-GeV  Advanced 
Photon  Source  (APS)  storage  ring  as  a  function  of  lattice, 
chromaticity,  and  number  of  small-gap  insertion  device 
(ID)  chambers.  The  contribution  to  the  machine  coupling 
impedance  of  the  8-mm-gap  ID  chambers  was  reported 
earlier  [1].  One  5-mm-gap  ID  chamber  was  installed  in 
December  1997.  This  required  changing  the  lattice  to  pre¬ 
serve  the  vertical  acceptance.  The  new  lattice  reduced  the 
average  vertical  beta  function  at  the  5-mm  chamber  as 
well  as  at  all  the  other  ID  chambers  and  so  has  also  low¬ 
ered  the  effect  of  the  vertical  coupling  impedance.  As  ad¬ 
ditional  8-mm  and  5-mm  chambers  are  planned,  a  more 
detailed  characterization  of  the  impedance  is  essential. 
This  includes  separating  the  effects  of  the  transitions  be¬ 
tween  the  small-gap  chambers  and  the  standard  chambers 
from  the  resistive  wall  impedance  of  the  small-gap  cham¬ 
bers  themselves.  In  this  paper,  we  report  on  the  transverse 
instabilities  and  thresholds  observed  in  the  vertical  and 
horizontal  planes.  From  these  observations,  various  con¬ 
tributions  to  the  coupling  impedance  are  derived. 

I  INTRODUCTION 

The  maximum  single-bunch  current  achieved  in  the  APS 
storage  ring  under  standard  operating  conditions  is  18  mA. 
This  current  limit  is  most  sensitive  to  the  chromaticity, 
%  -  Av/Ap/p  .  For  these  conditions,  the  chromaticity  was 
(4,  7),  where  the  parentheses  indicate  ^  and  %y  in  that  or¬ 
der.  The  low  py  lattice  installed  for  use  with  the  5-mm-gap 
ID  chamber  lowers  the  vertical  coupling  impedance,  but 
reduces  the  effectiveness  of  the  chromaticity-correcting 
sextupoles.  The  chromaticities  are  presently  about  (1.5,  4). 
The  single-bunch  current  limit  is  subsequently  reduced  to 
-6  mA,  determined  by  the  transverse  instability  threshold. 

Typical  multibunch  user  operations  require  less  than  2 
mA  per  bunch  in  “triplets”  mode,  and  about  4  mA/bunch 
in  “singlets”  mode.  Although  present  operations  are  not 
limited  by  the  single-bunch  current  limit,  additional  8-mm 
and  5-mm  chambers  are  planned,  which  will  increase  the 
machine  coupling  impedance.  Experimental  studies  were 
undertaken  to  characterize  the  single-bunch  instabilities, 
and  theoretical  studies  (modeling)  are  being  carried  out  to 
determine  the  impedance  model  that  best  fits  these  data. 
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The  instability  threshold,  growth  rate,  and  current  limit 
were  studied  as  a  function  of  chromaticity,  rf  voltage 
(bunch  length),  rf  frequency,  and  orbit  position.  The 
growth  rate  was  also  measured  as  a  function  of  current. 
The  instability  was  monitored  using  beam  position  moni¬ 
tor  (BPM)  history  modules,  a  streak  camera,  and  the  tune 
measurement  system. 

2  TUNE  SLOPE 

The  present  complement  of  twenty  5-m-long  small-gap 
chambers  results  in  tune  slopes  of  -0.0026  per  mA  verti¬ 
cally  and  -0.0008  per  mA  horizontally.  The  vertical  tune 
slope  was  reduced  by  40%  after  reducing  <[)y>  in  the  ID 
chambers  by  60%.  Figures  1  and  2  show  the  vertical  and 
horizontal  tune  waveforms,  respectively,  as  a  function  of 
current.  These  were  obtained  by  increasing  the  current  in 
small  steps,  while  using  an  HP89440A  vector  signal  an¬ 
alyzer  to  record  the  beam  response  to  a  chirped  rf  signal. 
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Figure  1:  Vertical  tune  vs.  single-bunch  current. 


IM  I  .  I  . I .  I  I  . L  "  i . t 

0.17  0.18  0.19  0.20  0.21  0.22  0.23  0.24 


Tune 

Figure  2:  Horizontal  tune  vs.  single-bunch  current. 
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The  tune  waveforms  show  rich  details  of  the  current- 
dependent  beam  response.  In  the  vertical  plane,  the  tune 
(mode  0  is  0.285  at  low  current)  crosses  two  synchrotron 
sidebands  as  the  current  increases.  The  synchrotron  tune  is 
0.007  at  the  nominal  rf  voltage  of  9.4  MV.  The  tune  ap¬ 
pears  to  just  reach  mode  -3  at  the  current  limit  of  5.5  mA. 
In  the  horizontal  plane,  a  self-excited  tune  appears  above 
3.5  mA.  The  tune  shift  over  the  range  is  about  -0.005 
(mode  0  is  0.195  at  low  current),  approximately  equal  to 
the  synchrotron  tune.  It  appears  that  the  horizontal  tune 
begins  to  couple  to  mode  -1  near  the  current  limit.  At 
large  signal  amplitudes,  the  tune  is  itself  modulated  at  the 
synchrotron  frequency,  which  appear  as  sidebands. 

The  APS  was  switched  from  positron  to  electron  opera¬ 
tions  in  Sept.  1998,  and  no  significant  differences  in  the 
transverse  instability  limits  were  seen. 

3  VERTICAL 

In  order  to  study  the  transverse  planes  independently,  the 
vertical  chromaticity  was  reduced  while  keeping  the  hori¬ 
zontal  almost  constant:  (1.0,  1.4).  The  single-bunch  limit 
was  reduced  to  1.9  mA,  the  lifetime  was  severely  short¬ 
ened,  and  the  vertical  modes  0  and  -1  collided.  This  is 
consistent  with  the  tune  “map”  in  Fig.  1. 

4  HORIZONTAL 

Observations  of  the  horizontal  instability  reveal  a  higher 
degree  of  complexity  compared  to  the  vertical.  It  is  char¬ 
acterized  by  a  self-excited  horizontal  tune  at  a  threshold  of 
about  4  mA.  Above  4.7  mA  (nominal  conditions),  a  peri¬ 
odic  blowup  of  betatron  oscillations  of  the  bunch  centroid 
occurs.  This  can  be  seen  in  Fig.  3,  which  shows  a  BPM 
history  recording  the  x-position  over  16,000  turns 
(acquired  every  turn)  with  5.2  mA.  The  maximum,  self- 
limiting  amplitude  of  the  instability  is  800  pm.  This  is 
roughly  1.9  times  the  horizontal  rms  beam  size. 

This  observation  is  confirmed  using  a  visible  streak 
camera  to  image  the  bending  magnet  radiation.  Figure  4 
shows  an  image  acquired  in  dual-sweep  mode.  The  hori¬ 
zontal  beam  profile  was  captured  on  two  time  scales:  T,, 
which  is  fast  compared  to  the  betatron  period,  and  T2, 
which  is  slow  compared  to  the  instability  rise  time.  Two 
cycles  are  seen  of  the  periodic  betatron  oscillations.  Nota¬ 
bly,  ax  does  not  appear  to  blow  up  as  the  coherent  centroid 
motion  decays.  Within  the  spatial  resolution,  no  head-tail 
motion  was  detected  using  streak  camera  imaging  of  the 
x-t  plane  in  synchroscan  mode. 

The  instability  growth  rate,  l/tg,  was  computed  as  a 
function  of  current  by  fitting  the  initial  blowup  in  data 
such  as  in  Fig.  3,  and  using  1/Tm  =  l/i:g  -  l/xd,  where  xd  is 
the  transverse  radiation  damping  time  of  9.46  ms  at  7 
GeV.  The  results  are  shown  in  Fig.  5.  A  preliminary 
analysis  of  the  amplitude-dependent  tune  shift  was  made 
by  performing  a  fast  Fourier  transform  on  the  BPM  his¬ 
tory  data  in  512-point  slices.  The  horizontal  tune  peak  was 


fitted  to  find  the  frequency.  The  tune  variation  with  am¬ 
plitude  appears  to  match  a  quadratic  fit. 


Figure  3:  Periodic  blowup  of  horizontal  centroid  motion. 


T,  (ms) 

Figure  4:  Horizontal  oscillations  observed  using  a  streak 
camera  in  dual-sweep  mode. 
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Instability  growth  rate  vs.  current. 


4.1  Chromaticity 

At  the  threshold  of  4.7  mA,  the  periodic  instability  mode 
could  be  stabilized  with  a  A^s  of  0.6  above  nominal.  The 
instability  growth  rate  increased  approximately  linearly 
with  negative  changes  in  The  instability  threshold  was 
not  sensitive  to  even  large  variations  in  the  tune. 


4.2  Rf  voltage 

The  rf  voltage  was  reduced  from  9.5  MV  to  7.1  MV,  re¬ 
sulting  in  a  20%  increase  in  the  bunch  length  at  5  mA.  The 
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current  limit  increased  slightly,  from  5.0  mA  at  9.5  MV  to 
5.5  mA  at  7.9  MV  and  5.7  mA  at  7.1  MV.  More  interest¬ 
ingly,  with  7.9  MV,  the  beam  underwent  periodic  blowups 
around  4.7  mA,  but  this  changed  to  steady-state,  fixed- 
amplitude  betatron  oscillations  at  higher  currents  up  to  the 
limit  of  5.5  mA  (see  Fig.  6).  The  amplitude  of  the  motion 
at  this  limit  was  about  2/3  of  the  peak  value  in  the  blowup 
mode.  At  7.1  MV,  only  steady-state  oscillations  were 
seen;  no  blowups  were  observed  at  any  current  up  to  the 
limit.  In  all  cases,  the  threshold  for  the  onset  of  the  self- 
excited  horizontal  tune  remained  about  the  same. 


time  (msec) 


Figure  6:  Instability  as  a  function  of  current  at  7.9  MV 
(plotted  offset  for  clarity). 

4.3  Rf frequency  and  orbit 

Orbit  bumps  were  used  to  couple  more  strongly  to  the 
transverse  impedance  at  various  places  in  the  ring:  5-mm- 
gap  chamber,  19-mm-gap  chamber  with  unique  transitions 
to  the  standard-aperture  chambers,  rf  cavities,  and  injec¬ 
tion  region  (septum  magnet  and  kicker  chambers.)  No 
changes  were  seen  in  the  instability  growth  rate  for  either 
vertical  or  horizontal  orbit  bumps  with  one  exception.  A 
+1.5  mm  vertical  bump  in  the  5-mm  gap  chamber  stabi¬ 
lized  the  periodic  instability  mode  horizontally.  In  addi¬ 
tion,  changes  of  +/-  110  Hz  in  the  rf  frequency  also  stabi¬ 
lized  this  mode. 

5  SIMULATIONS 

Tracking  simulations  employed  the  6-D  tracking  program 
elegant  [2],  Resonator  impedances  are  implemented  using 
the  following  algorithm.  A  histogram  of  current  density 
(or  its  first  moment  for  transverse  impedances)  is  first 
made.  The  resonator  voltage  vs.  bin  is  then  obtained  by 
summing  the  phasor  contributions  of  particles  in  preced- 
ing  bins.  Particles  see  only  one-half  their  own  induced 
voltage  (fundamental  theorem  of  beam-loading).  The  volt¬ 
age  is  propagated  tum-to-tum  as  a  damped  sinusoidal  os¬ 
cillation.  Tests  show  excellent  agreement  with  analytical 
wakefield  expressions,  elegant  includes  synchrotron  ra¬ 
diation  damping  and  quantum  excitation,  implemented 


approximately  using  the  nominal  damping  decrements  and 
excitation  rates. 

Simulations  of  a  broad-band  resonator  (BBR)  imped¬ 
ance  model  (Q=l)  reproduced  the  measured  tune  slopes, 
namely,  -0.0008/mA  in  the  horizontal,  and  -0.0026/mA  in 
the  vertical  plane.  Cutoff  frequencies  of  5  GHz  in  the 
horizontal  and  25  GHz  in  the  vertical  plane  were  assumed, 
determined  by  the  small-gap  chambers.  The  simulations 
assumed  a  linear  lattice  (zero  chromaticity)  to  save  com¬ 
putation  time.  The  best  fit  to  the  measured  values  were 
obtained  for  a  shunt  impedance,  Rs,  of  0.2  Mfl/m  in  the 
horizontal  plane  and  1.2  Mfl/m  in  the  vertical  plane.  The 
vertical  impedance  agrees  well  with  the  53  kQ/m  per 
chamber  effective  impedance  value  estimated  in  [1], 

A  mode-coupling  instability  (between  modes  0  and  -1) 
occurs  around  4.4  mA  (horizontal)  and  2.2  mA  (vertical), 
nearly  reproducing  the  experimental  observations  under 
low  chromaticity  conditions.  Preliminary  simulations  us¬ 
ing  a  BBR  and  a  fully  nonlinear  lattice  at  the  nominal 
chromaticities  show  some  of  the  instability  features,  but 
do  not  reproduce  the  periodic  blowup  seen  experimentally. 

6  SUMMARY 

The  single-bunch  current  limit  is  believed  to  be  dominated 
by  a  horizontal  instability  because  of  the  smaller  com¬ 
pared  to  £y.  Attempts  to  raise  the  instability  threshold  by 
raising  the  chromaticity  is  hampered  by  the  sextupole  cur¬ 
rent  limit.  The  vertical  tune  slope  («*  <p>Rs)  is  larger  than 
in  the  horizontal  plane,  but  the  beam  is  stable  to  mode  -3 
with  %y=  4.  In  the  horizontal  plane,  mode  -1  is  unstable 
with  ^x=  1.5.  The  instability  exhibits  two  modes:  periodic 
blowup  and  steady-state.  The  current  threshold  of  the  pe¬ 
riodic  mode  decreases  with  both  smaller  chromaticity  (i.e., 
tune  spread)  and  shorter  bunches  (i.e.,  higher  peak  cur¬ 
rent),  and  the  instability  growth  rate  changes  linearly  with 
the  current.  Simulations  reproduce  the  current-dependent 
tune  shift  and  mode-coupling  instability  thresholds  using  a 
BBR  model.  The  periodic  instability  mode  will  be  further 
explored  through  fully  nonlinear  simulations.  Future  ma¬ 
chine  studies  include:  additional  chromaticity  correction, 
measure  the  bunch  length  on  the  instability  time  scale,  test 
a  single-bunch  feedback  system  and  its  effect  on  the  insta¬ 
bility  threshold,  and  repeat  the  studies  at  lower  energy. 
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EFFECTS  OF  A  HARMONIC  CAVITY  AT  THE  ESRF 

J.  Jacob,  O.  Naumann,  W.  Beinhauer,  ESRF,  Grenoble,  France 


Abstract 

The  installation  of  a  harmonic  cavity  to  provide 
bunch  lengthening  and  thereby  increase  the  Touschek 
lifetime  is  considered  for  the  ESRF  storage  ring. 
Simulations  with  a  particle  tracking  code  have  shown 
that  for  few  bunch  operation  -  where  the  current  per 
bunch  is  large  -  a  strong  lengthening  already  results 
from  the  coupling  with  the  broad  band  impedance  of  the 
vacuum  chamber.  Therefore  the  net  gain  with  an 
additional  harmonic  cavity  is  only  moderate.  For 
multibunch  operation,  however,  where  the  current  per 
bunch  is  small,  a  harmonic  cavity  is  expected  to  increase 
the  bunch  length  by  up  to  a  factor  six,  with  a 
corresponding  increase  in  Touschek  lifetime.  The 
Landau  damping  provided  by  the  additional  non¬ 
linearity  of  the  RF  voltage  has  also  been  studied  in 
detail.  As  an  important  and  somewhat  surprising  result, 
it  turns  out  that  the  thresholds  for  longitudinal  coupled 
bunch  instabilities  may  even  be  reduced  when  the 
operation  parameters  of  the  harmonic  cavity  are 
optimised  to  provide  a  maximum  bunch  lengthening. 

1  INTRODUCTION 

The  installation  of  more  and  more  narrow  gap  inser¬ 
tion  devices  at  the  ESRF  has  increased  the  transverse 
impedance  of  the  storage  ring.  Since  this  has  lowered  the 
head-tail  stability  limits,  higher  chromaticities  have  to  be 
used  as  a  remedy.  This,  however,  reduces  the  dynamic 
aperture  and  the  energy  acceptance,  with  the  further  con¬ 
sequence  of  a  lower  Touschek  lifetime,  especially  in 
single  and  few  bunch  filling,  where  the  current  per 
bunch  is  high.  To  optimise  the  Touschek  lifetime  in  few 
bunch  operation,  the  acceleration  voltage  used  to  date  at 
the  ESRF  is  around  8  MV  instead  of  the  possible  12  MV: 
this  maximises  the  bunch  length  without  penalising  the 
energy  acceptance.  Lengthening  the  bunches  also  has  the 
beneficial  side  effect  of  an  increased  head-tail  stability 
limit,  since  the  overlap  of  the  beam  spectrum  with  the 
broadband  impedance  is  smaller  for  longer  bunches. 

A  precise  control  of  the  bunch  length  without 
reduction  of  the  RF-acceptance  should  be  possible  with  a 
higher  harmonic  cavity.  This  paper  summarises  the 
possible  performance  upgrade  with  such  a  cavity  for  the 
ESRF  storage  ring.  Section  2  describes  the  achievable 
bunch  lengthening  as  a  function  of  the  harmonic  number 
n  and  a  deviation  from  the  optimum  working  point.  The 
expected  gain  in  bunch  length  for  single  and  few  bunch 
operation  is  presented  in  section  3,  taking  into  considera¬ 
tion  the  already  strong  effect  from  the  impedance  of  the 


storage  ring.  The  results  from  a  detailed  analysis  of  the 
effect  on  longitudinal  coupled  bunch  instabilities,  taking 
into  account  Landau  damping  which  results  from  the 
non-linearity  in  the  RF- voltage,  are  given  in  section  4. 

2  BUNCH  LENGTHENING  WITH  A 
HARMONIC  CAVITY 

A  double  RF-system  allows  to  shape  the  accelerating 
voltage  at  the  time  of  passage  of  the  synchronous 
particle  [1],  Both  the  relative  phase  and  the  harmonic 
voltage  level  VH  can  be  used  to  adjust  the  harmonic 
system.  Two  conditions  allow  the  determination  of  the 
operation  values  for  optimum  bunch  lengthening:  firstly, 
for  maximum  bunch  length  the  slope  of  the  accelerating 
voltage  has  to  be  horizontal  at  the  bunch  centre  and, 
secondly,  the  accelerating  voltage  should  not  be  curved 
at  this  point,  to  avoid  the  forming  of  micro-bunches.  In 
order  to  maintain  the  same  time  of  synchronous  passage, 
it  is  additionally  necessary  to  adjust  the  amplitude  of  the 
normal  voltage  by  a  factor  slightly  different  from  unity. 
All  these  quantities  can  be  expressed  in  terms  of  the  time 
of  synchronous  passage  and  the  harmonic  number  n. 

Fig.  1  shows  how  the  zero  current  bunch  length 
varies  in  the  case  of  the  ESRF  as  a  function  of  the 
harmonic  voltage  level  VH.  Since  the  maximum  bunch 
lengthening  factor,  of  approximately  6  for  n=3,  is 
reached  only  very  close  to  the  optimum  value  VOFT  for 
VH  ,  finding  and  maintaining  a  good  working  point  is 
likely  to  become  a  delicate  operation  as  very  precise 
control  of  the  cavity  parameters  is  necessary. 


Figure  1 :  Bunch  length  aL  as  a  function  of  the  harmonic 
voltage  level  (crw :  bunch  length  for  Ib=0  and  VH  =0 ) 

Fig.  1  also  shows  how  a  variation  of  the  harmonic 
number  n  influences  the  dependency  of  the  bunch 
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lengthening  factor  on  the  harmonic  voltage.  Although 
values  of  n  >  7  are  of  merely  academic  interest,  the 
comparison  shows  how  the  choice  of  a  higher  value  for 
the  harmonic  number  n  reduces  the  sensibility  on  the 
harmonic  cavity  parameters.  This  means  easier  operation 
conditions,  but  limits  the  maximum  possible  increase  in 
bunch  length. 

3  PARTICLE  TRACKING  FOR  HIGH 
CURRENT  PER  BUNCH 

With  increasing  current  per  bunch,  several  effects 
occur.  Firstly,  transverse  head-tail  instabilities  have  to  be 
mastered  by  operating  the  storage  ring  with  an  increased 
chromaticity,  which  unfortunately  also  reduces  the 
dynamic  energy  acceptance  and  the  associated  lifetime. 
Secondly,  the  higher  charge  density  increases  the 
Touschek  effect,  leading  to  an  overall  lifetime  of  the 
order  of  4  hours  in  single  bunch  operation  at  15  mA  and 
about  9  hours  in  16  bunch  operation  at  90  mA.  This 
already  takes  into  account  the  high  natural  bunch 
lengthening  due  to  the  interaction  with  the  broadband 
impedance  of  the  ring,  as  well  as  the  choice  of  a  rather 
low  accelerating  voltage  of  8  MV,  as  a  compromise 
between  a  maximum  bunch  length  and  sufficient  RF- 
acceptance. 

The  gain  in  bunch  length  that  could  be  obtained  with 
a  third  harmonic  cavity  has  been  evaluated  by  adapting  a 
multiple  particle  tracking  code.  It  solves  the  synchrotron 
equation  turn  by  turn,  taking  into  account  the  broadband 
resonator  model  BBR  (Q=l,  R=42  kQ,  fr=30  GHz)  of 
the  ESRF  storage  ring  [2].  For  the  present  study,  the 
code  has  been  modified  to  incorporate  the  harmonic 
voltage  distortion,  assuming  an  optimum  amplitude  and 
phase  of  the  modulating  voltage. 


Table  1 


Current  per  bunch 

10  mA 

15  mA 

25  mA 

Lengthening  factor 

from  BBR  only 

3.6 

4.2 

5.4 

Lengthening  factor  from 

BBR  and  3'd  harmonic  cavity 

6.2 

6.6 

7.6 

Net  gain  in  bunch  length  with 
a  harmonic  cavity 

+  72% 

+  57% 

+  41  % 

In  the  limit  of  zero  current,  the  simulations 
confirmed  the  theoretical  bunch  lengthening  by  a  factor 
6  for  n=3  in  Fig.  1.  They  also  confirmed  that  the  energy 
spread  is  only  affected  by  the  BBR  and  not  influenced 
by  the  presence  of  a  harmonic  cavity.  As  shown  in  table 
1,  for  the  nominal  single  bunch  current  of  15  mA,  the 
interaction  with  the  BBR  already  lengthens  the  bunch  by 
a  factor  4.2,  so  that  a  harmonic  cavity  would  at  best  give 
57%  additional  lengthening. 

If  a  passive  cavity  is  to  be  used,  it  must  exhibit  a 
shunt  resistance  of  the  order  of  several  100  MQ  in  order 


to  provide  the  optimum  harmonic  voltage  with  a  driving 
current  of  about  10  mA.  The  only  feasible  options  would 
therefore  be  either  a  passive  superconducting  or  an 
active  normal  conducting  cavity.  The  final  choice, 
however,  needs  further  investigations. 


4  EFFECT  ON  MULTIBUNCH 
OPERATION 

The  effect  of  main  interest  in  the  application  for 
multi-bunch  operation  is  the  increase  of  the  Touschek 
lifetime,  that  accompanies  the  increased  bunch  length, 
especially  in  the  case  where  the  effect  of  an  increased 
energy  acceptance  has  an  upper  limit,  as  is  the  case  at 
the  ESRF.  In  multi-bunch  operation  the  per-bunch 
current  intensity  is  small  (of  the  order  of  tenths  of  mA), 
therefore  single-bunch  effects  such  as  the  head-tail 
instability  play  only  a  minor  role.  Still,  the  additional 
bunch  lengthening  should  allow  a  further  reduction  of 
the  chromaticity. 

As  far  as  the  effect  on  multi-bunch  instabilities  is 
concerned,  it  is  commonly  assumed  that  the  spread  in 
synchrotron  frequencies  within  a  bunch  due  to  the 
distorted  RF-voltage  leads  to  increased  stability  limits 
because  of  the  additional  Landau  damping.  A  closer 
investigation,  however,  reveals  that  this  need  not 
necessarily  be  the  case. 

4.1  Effect  on  the  synchrotron  frequency  density 


The  density  p  of  the  synchrotron  frequency  fs  can  be 
calculated  using  the  formula 


dH 


dH 


where  A  and  T  are  the  quantities  defined  on  page  3  of 
[1],  Inverting  the  relation  T(H)  gives  a  function  in  fs  = 
1/T(H). 


Curve  parameter,  from  left  to  right : 


Figure  2:  Synchrotron  frequency  distributions  for  various 
levels  of  harmonic  voltage  and  n  =  3 


Fig.2  shows  a  sequence  of  densities  for  the  case  n=3. 
The  natural  frequency  density  spread  for  VH=0  is 
extremely  small,  because  the  non-linearity  is  weak.  With 
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a  change  in  operation  parameters,  the  centre  of  the 
distribution  is  shifted  towards  smaller  frequencies  and 
the  spread  increases,  although  only  considerably  so  close 
to  the  optimum  choice  of  operation  parameters.  This  can 
be  explained  from  the  fact,  that  -  especially  for  a  small 
harmonic  number  -  the  accelerating  voltage  is  distorted 
on  a  scale  much  larger  than  the  bunch.  Thus,  switching 
on  the  modulation  changes  the  voltage  slope  for  all 
particles  in  almost  the  same  way,  the  bunch  being  too 
short  to  profit  from  the  additional  non-linearity. 
Consequently  the  synchrotron  frequency  density  is  not 
spread  out,  but  is  shifted  in  the  mean  because  of  the 
overall  reduced  slope.  It  is  only  as  the  optimum  voltage 
is  approached,  that  the  bunch  becomes  large  enough  for 
some  particles  to  reach  the  region  of  increased  non¬ 
linearity,  which  then  increases  the  frequency  spread. 

4.2  Dispersion  relation  and  threshold  current 

In  order  to  determine  the  net  effect  on  longitudinal 
multi-bunch  instability  thresholds  due  to  cavity  higher 
order  modes  (HOM),  a  dispersion  relation  has  to  be 
solved.  The  values  entering  into  it  are  the  impedance 
ZH0 M  and  the  resonance  frequency  fHOU  of  the  HOM  and 
several  machine  parameters:  a  (momentum 
compaction),  E0  (energy),  T0  (revolution  time),  and  8n 
(natural  radiation  damping). 

I  -  •  a2jtf H0M  Z  hom  h  f_  P(m’)da>’ 

T„EJe  >m?-a>>  +  2jS,m 

This  has  to  be  solved  for  the  real  coherent 
synchrotron  frequency  co  and  the  beam  current  Ib  in  order 
to  determine  the  threshold  current  Ilh  [3]. 

The  threshold  current  Ith  can  be  plotted  as  a  function 
of  VH  by  applying  this  formula,  as  is  shown  in  Fig.  3. 
Increasing  VH  ,  one  first  observes  a  decrease  of  Ith ,  up  to 
a  turning  point,  which  is  reached  earlier  the  larger  n  is, 
but  in  any  case  a  valley  of  decreased  stability  always  has 
to  be  crossed. 

4.3  Application  to  the  ESRF 

Investigating  the  values  for  the  optimum  operation 
parameters  that  can  be  seen  on  Fig  3,  we  discover  that  a 
value  of  n  >  7  would  at  least  allow  to  break  even  as  far 
as  thresholds  are  concerned.  However,  in  order  to 
provide  real  protection  against  instabilities,  a  much 
higher  value  would  be  necessary.  Then,  of  course,  one 
has  to  pose  the  question  of  how  to  construct  a  harmonic 
cavity  with  a  high  n.  Such  a  choice  would  also  be 
discouraged  as  the  optimum  gain  in  bunch  length  would 
be  much  smaller  (Fig.  1). 

Therefore,  one  important  result  is  that  for  the 
practical  choices  of  n=3  or  5,  additional  means  to  damp 
or  tune  HOMs  away  from  synchrotron  sidebands  are 
necessary,  if  a  harmonic  cavity  is  not  to  seriously 


compromise  the  multi-bunch  instability  thresholds.  At 
the  ESRF,  this  can  be  achieved  with  the  recently 
commissioned  highly  accurate  temperature  control 
system  for  the  accelerating  cavities  (error  <  0.1  °C). 


Figure  3:  Multibunch  instability  threshold  lth  as  a 
function  of  the  harmonic  voltage  (Ith0:  value  for  V„  =0 ) 

An  interesting  alternative  would  be  to  operate  the 
harmonic  system  at  a  frequency  of  a  multiple  of  the  RF- 
frequency  plus  the  revolution  frequency  ("harmonic  plus 
one"  cavity).  This  modulates  the  RF- voltage  around  the 
circumference  of  the  storage  ring  and  provides  a  bunch- 
to-bunch  frequency  spread,  which  has  a  much  stronger 
Landau  damping  effect  [4],  This,  however,  still  requires 
some  investigation. 

5  SUMMARY  AND  CONCLUSIONS 

A  harmonic  cavity  at  the  ESRF  would  provide  only 
a  limited  net  increase  of  the  bunch  length  for  single  and 
few  bunch  operation,  because  of  the  already  strong 
lengthening  due  to  the  broadband  impedance.  For 
standard  multi-bunch  operation,  however,  the  net 
increase  can  be  much  larger.  The  somewhat  higher 
sensitivity  to  multi-bunch  instabilities  can  easily  be 
overcome  by  means  of  the  cavity  temperature  control. 
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OPTIMAL  BEAM  OPTICS  IN  THE  TTF-FEL  BUNCH  COMPRESSION 
SECTIONS:  MINIMIZING  THE  EMITTANCE  GROWTH 
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Deutsches  Elektronen-Synchrotron  DESY 
Notkestr.  85,  D-22607  Hamburg,  Germany 


Abstract 

In  the  bunch  compressing  sections  of  the  Tesla  Test  Facil¬ 
ity  Free  Electron  Laser,  short  bunches  travel  on  trajectories 
with  small  bending  radii.  Thus,  coherent  synchrotron  radi¬ 
ation  (CSR)  will  play  a  significant  role  in  beam  dynamics. 
The  energy  loss  of  the  bunch  will  vary  longitudinally  as 
well  as  transversally  across  the  bunch  and  will  induce  an 
emittance  growth.  This  emittance  growth  will  affect  the 
projective  as  well  as  the  slice  emittance  (i.e.,  the  emittance 
of  sub-ensembles  of  particles  with  equal  longitudinal  posi¬ 
tion).  The  computer  code  TraFiC*  is  a  significantly  aug¬ 
mented  version  of  WAKE,  which  calculates  these  effects 
from  first  principles.  One  result  of  simulations  is  the  ob¬ 
servation  that  the  slice  emittance  growth  depends  crucially 
on  the  initial  Twiss  parameters  chosen  for  the  beam.  We 
discuss  the  mechanisms  leading  to  this  dependence.  Simu¬ 
lation  results  for  a  range  of  optics  will  be  given. 

I  INTRODUCTION 

The  Tesla  Test  Facility  (TTF)  aims  to  conduct  a  proof- 
of-principle  experiment  for  a  self-amplified  spontaneous 
emission  free  electron  laser.  (SASE  FEL).  For  FEL  opera¬ 
tion,  high  peak  currents  and  low  transversal  emittances  are 
crucial.  To  reach  these  quality  conditions,  the  bunch  has  to 
be  compressed  longitudinally  after  it  leaves  the  gun.  In  the 
case  of  the  TTF  FEL  experiment,  this  is  done  in  magnetic 
chicanes.  Bunch  Compressor  II,  which  has  been  commis¬ 
sioned  recently  [1],  is  the  only  chicane  to  be  used  for  the 
proof-of-principle  experiment. 

All  subsequent  calculation  are  for  the  BC  II  design  val¬ 
ues;  i.  e.  E  =  140MeV,  Q  =  10~9As,  initial  =  1mm, 
ai  final  =  250/^m.  The  initial  emittance  used  is  ejv,i  = 
0.85  •  10~6m,  in  accordance  with  simulations1  for  the  FEL 
Gun  emittance. 

A  further  stage  of  FEL  operation,  using  smaller  wave¬ 
lengths,  higher  energy  and  a  longer  undulator,  requires  an¬ 
other  stage  of  compression  (Bunch  Compressor  III)  [2], 
The  low-energy  stage  Bunch  Compressor  I  will  not  be  used 
for  FEL  operation. 

When  a  short  charged  bunch  travels  on  a  bent  trajectory, 
coherent  interaction  of  the  bunch’s  tail  with  its  head  (as 
opposed  to  usual  wake  field  behavior)  may  occur.  This  is 

*  E-Mail:  andreas.kabel@desy.de 
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Figure  1:  Geometry  of  BC  II:  L\  =  L2  =  0.5m,  L3  = 
1.3m,  t/>  =  17°...21° 

expected  to  be  the  main  cause  of  emittance  dilution  in  the 
TTF  bunch  compression  sections  [3, 4,  5, 6], 

2  SLICE  EMITTANCE  GROWTH 

TraFiC^  is  a  code  written  by  the  authors  which  allows  the 
numerical  computation  of  these  emittance-diluting  mecha¬ 
nisms.  It  is  a  full  three-dimensional  tracking  code  which 
calculates  the  fields  acting  on  the  particles  from  first  prin¬ 
ciples.  It  allows  for  the  calculation  of  the  slice  emittance, 
i.  e.,  the  emittance  of  a  longitudinally  small  sub-ensemble 
of  the  bunch.  In  the  FEL  process,  only  particles  from 
within  a  certain  slippage  length  interact.  The  saturation 
length  of  the  process  will  be  affected  by  the  transverse 
emittance  of  the  sub-ensemble  within  that  slice,  while  the 
overall  (or  projective )  emittance  only  affects  beam  optics 
and  the  brightness  of  the  FEL  photon  beam.  Thus,  the  slice 
is  the  primary  quantity  to  use  to  judge  beam  quality.  The 
TTF  FEL  requires  a  slice  emittance  of  ejv  <  2  •  10_6m. 
(In  this  paper,  we  use  the  normalized  statistical  slice  emit¬ 
tance  ejv  with  a  slice  length  of  10/im  and  its  counterpart 
(which  is  conserved  even  in  dispersive  regions  for  5'  =  0), 
where  (x,  x')^  =  (x,x')— £(77,77').  (x  refers  to  the  bending 
plane  of  motion.) 

When  one  considers  a  true  slice,  i.  e.  an  ensemble  whose 
correlation  matrix  projects  to  the,  x,  x'  subspace,  a  linear 
transformation  would  not  generate  a  dependence  of  emit¬ 
tance  growth  on  initial  Twiss  parameters. 

Doing  exact  tracking  calculations,  however,  one  finds 
quite  a  different  behavior:  the  slice  emittance  growth  de¬ 
pends  sensitively  on  the  initial  correlation  matrix  of  the  in¬ 
coming  slice.  We  thus  can  infer  that  nonlinear  effects  are 
an  important  source  of  emittance  growth. 

This  fact  can  also  be  concluded  from  typical  phase-space 
portraits  of  the  chicane,  indicating  an  effective  sextupole 
moment  in  the  transport  map. 

Consequently,  the  TraFiC^  code  has  been  augmented  to 
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Figure  2:  Transverse  phase-space  portrait  of  an  initially 
ellipsoidal-gaussian  bunch  after  traveling  through  the  chi¬ 
cane.  &  =  30m,  ejv.i  =  10“6m,  a*  =  0,  Q  =  10“9As. 


extract  nonlinear  matrix  elements  from  the  transport  of  the 
slice  through  the  chicane  under  the  influence  of  the  self¬ 
field. 

Expanding  the  transfer  map  into  a  power  series,  one  has 

oo  6 

=  ^2  ^*1  Xkl"'  xkn  ) 

n=0  k\  --k„  =1 

where  C 1  is  the  usual  linear  transport  matrix. 

The  coefficients  can  be  read  off  the  transport  func¬ 

tion  through  the  chicane  by  tracking  an  appropriate  number 
of  polynomially  independent  particles  and  approximating 
derivatives  by  difference  quotients.  For  the  time  being,  we 
are  restricted  to  coefficients  up  to  second  order,  for  which 
this  procedure  is  quite  straightforwardly  implemented. 

Looking  at  the  dominant  coefficients  for  transverse 
movement,  one  finds  that,  for  example,  Cfn  is  in  the  order 
of  magnitude  of  105/m,  resulting  in  a  significant  contribu¬ 
tion  for  realistic  beam  dimensions. 

2. 1  EMITTANCE  GROWTH  MECHANISMS 

While  traveling  on  the  bent  trajectory,  the  test  particles 
will  experience  collective  radiative  forces  of  the  bunch  as 
a  whole.  One  has  a  force  longitudinal  to  the  direction  of 
motion,  which  will  induce  an  energy  change,  and  a  trans¬ 
verse  force,  Which  will  kick  the  particle  of  its  design  or¬ 
bit.  The  former  causes  an  angular  kick  in  the  dispersive 
region.  Both  forces  lead  to  slice  emittance  growth;  in  the 
case  of  BC  Q,  the  growth  is  clearly  dominated  by  the  longi¬ 
tudinal  forces,  which  can  be  seen  by  turning  off  the  trans¬ 
verse  kicks.in  the  TraFiC^  tracking  simulations.  Thus*  the 
problem  is  virtually  planar,  i.  e.  the  motion  of  the  bend¬ 
ing  plane  is  decoupled  from  the  one  perpendicular  to  it, 
in  which  emittance  growth  is  benign,  and  we  will  ignore 
(y,  y')  space  in  the  sequel. 


2.2  OPTICS  DEPENDENCE 

We  can  expect  emittance  growth  due  to  non-linear  de¬ 
pendence  of  the  perturbing  fields  on  the  phase  space  co¬ 
ordinates.  In  principle,  making  the  bunch  extension  as 
small  as  possible  in  all  directions  cures  all  non-linear  ef¬ 
fects  and  we  are  left  with  the  linear  part  of  emittance 
growth,  so  a  beam  approaching  zero-emittance  should  be 
left  with  only  the  linear  effects  acting  on  the  emittance. 

Starting  with  a  finite-emittance  beans,  however,  the 
Twiss  parameters  must  be  subject  to  optimization.  Mak¬ 
ing  (x2)  as  small  as  possible  will  minimize  sampling  the 
nonlinear  force  component  Fy  components,  due  to  both  the 
reduced  size  of  the  sampling  slice  in  the  transverse  and  lon¬ 
gitudinal  direction. 

There  are  two  trade-offs,  however:  (1)  higher  (x'2)  will 
lead  to  an  induced  uncorrelated  energy  spread,  because,  to 
first  order,  poS'  =  Fm  +  x'Fj.  (where  the  subscripts  refer 
to  the  design  orbit,  not  the  individual  particles).  Thus,  at 
some  point  the  effects  due  to  the  transverse  force  Fj_  will 
be  stronger  than  the  ones  due  to  the  variation  of  Fy.  One 
can  estimate  this  break-even  point  to  be  at  Pm\n  «  ’^(Fjf)  » 
which  is  well  below  10cm  for  BC  II.  (2)  The  chicane  be¬ 
haves  (in  the  horizontal  plane)  basically  like  a  drift  space, 
i.e.,  a  low  minimum  p  will  lead  to  a  high  variation  in  P  and 
thus  to  uncompensated  (see  below)  sampling  of  non-linear 
field  components. 

The  matter  is  further  complicated  by  the  fact  that  the 
change  in  beam  dimensions  changes  not  Only  the  sampling 
range  of  the  test  particles,  but  also  the  shape  of  the  sampled 
fields.  It  turns  out,  however,  that  the  latter  dependence  is 
quite  weak  as  long  as  the  bunch  is  slim. 

The  longitudinal  fields  vary  both  longitudinally  and 
transversally  (for  analytic  expressions  for  special  cases,  cf. 
[4]).  The  longitudinal  fields  scales  with  the  bunch  length 
as  (“a ,  so  one  can  expect  the  dominant  contribution  in  the 
3rd  magnet  (where  the  bunch  reaches  its  final  length)  and 
4th  magnet  (where  the  dispersion  is  closed). 

Thus,  reduction  of  the  slice  emittance  growth  can  be 
achieved  by  minimizing  the  longitudinal  dimensions  of  the 
bunch  as  it  travels  along  the  chicane.  A  slice  can  acquire 
longitudinal  dimension  by  its  initial  uncorrelated  energy 
spread  and  due  to  its  betatron  movement.  For  the  transverse 
slice,  where  rp  (S2)  (x2),  the  slice  length  is  dominated 

by  the  P  function. 

Since  in  a  quadrupole-less  magnetic  chicane  the  curva¬ 
tures  of  the  bending  magnets  have  signature  H - F,  the 

sign  of  the  transverse  gradient  of  the  longitudinal  field  be¬ 
tween  the  magnets  changes.  A  test  particle  on  the  concave 
side  of  the  3rd  bend  will  be  on  the  convex  side  of  the.4th 
bend,  so  in  principle  the  net  transverse  eriergy  spread  will 
average  out. 

As  the  bunch  length  of  the  field-generating  bunch  and 
its  longitudinal  distribution  changes  between  magnets,  the 
sampling  particles  change  their  relative  longitudinal  posi¬ 
tion  with  respect  to  the  generated  field.  The  field  itself  will 
grow  in  magnitude,  as  the  bunch  shortens.  Thus,  one  can- 
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not  expect  this  cancellation  to  be  complete. 

However,  the  energy  spread  can  actually  decrease  within 
the  compressor,  which  may  lead  to  a  decreasing  induced 
angular  spread  and,  consequently,  a  subsequent  lowering  of 
the  emittance,  which  may-in  principle-go  down  to  its  ini¬ 
tial  value  again.  Due  to  the  non-linear  components  of  Fy, 
this  mechanism  depends  on  beam  dimensions.  This  mech¬ 
anism  can  be  observed  in  figures  2. 2, 2.2.  Similar  effects 
have  been  exploited  in  [7], 


(<52)  and  along  the  beam  line 

of  BC  II:  Qi  =  1 ,  ^  =  15m 
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3  RESULTS 

The  TraFiC^  code  was  used  to  calculate  the  emittance 
growth  for  a  transverse  slice  of  test  particles  for  a  range 
of  initial  Twiss  parameters.  The  design  parameters  of  BC 
II  were  used.  The  results  are  shown  in  fig.  3.  As  could  be 
expected  from  the  discussion  above,  a  range  of  low  emit¬ 
tance  growth  is  enclosed  by  high  emittance  dilutions  both 
for  large  and  for  small  /3  functions. 

In  terms  of  beam  enveloppes,  the  low  e  region  corre¬ 
sponds  to  flat  ( [x 2)  (s)  behavior.  The  waist  of  the  advan¬ 
tageous  (a;2)  (s)  functions  is  near  the  3rd  and  4th  magnet. 


Figure  3:  Final  emittances  for  a  scan  of  initial  Twiss  pa¬ 
rameters. 


thus  causing  compensation  of  energy  kicks  and  minimiz¬ 
ing  sampling  of  non-linearities  in  the  region  of  high  field 
amplitudes. 


4  CONCLUSION 

We  have  shown  that  the  slice  emittance  growth  in  a  mag¬ 
netic  chicane  can  depend  heavily  on  the  initial  beam  pa¬ 
rameters  chosen,  contrary  to  naive  expectations  based  on 
linear  estimates.  The  nonlinear  part  of  the  slice  emittance 
growth  can  be  reduced  by  an  appropriate  choice  of  the  ini¬ 
tial  Twiss  parameters.  For  the  case  of  BC  II  at  TTF,  the 
design  parameter  set  should  allow  a  feasible  set  of  optic 
parameters  compatible  with  the  requirements  of  FEL  oper¬ 
ation. 
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Abstract 

We  have  succeeded  in  canceling  longitudinal  space 
charge  effects  using  the  ‘impedance  tuner’ [1][2][3]  at  the 
KEK-PS.  The  impedance  tuner  consists  of  the  new  mate¬ 
rial,  ‘FINEMET’[4][5][6][7]  which  has  large  permeability 
over  the  beam  spectrum  region.  A  frequency  shift  of  coher¬ 
ent  quadrupole  mode  is  measured  to  infer  the  modified  im¬ 
pedance.  It  turns  out  that  nonlinearity  unavoidable  in  a  lon¬ 
gitudinal  rf  bucket  has  to  be  treated  carefully  in  order  to 
digest  observed  beam  signals.  We  will  describe  how  to  mea¬ 
sure  the  impedance  from  the  beam  signal,  how  to  analyze 
the  effect  of  impedance  tuner,  and  how  to  succeed  in  can¬ 
celing  space  charge  effects. 

1.  INTRODUCTION 

In  a  high  intensity  proton  synchrotron,  some  of  the  emit- 
tance  growth  and  beam  instabilities  are  caused  by  space 
charge  effects.  In  the  longitudinal  phase  space,  the  space 
charge  forces  weaken  the  rf  focusing  force.  When  a  short 
bunch  is  required,  for  example  in  a  proton  driver  of  a  muon 
collider,  the  effects  are  further  enhanced  and  they  limit  the 
minimum  bunch  length. 

An  inductive  device  in  a  ring  should  be  able  to  cancel 
the  space  charge  force.  Recently  a  very  high  permeability 
material,  FINEMET,  becomes  available.  It  turns  out  that 
the  material  has  enough  permeability  at  the  beam  frequency 
region  and  possibly  cancels  the  space  charge  impedance. 
We  designed  a  device,  and  named  it  “impedance  tuner”.  It 
consists  of  FINEMET  cores  and  is  installed  in  the  KEK  PS 
main  ring. 

2.  ESTIMATE  OF  IMPEDANCE 


kHz),  and  l  is  the  inductance  at  that  frequency. 

The  impedance  tuner  is  installed  in  the  KEK  PS  main 
ring.  Let  us  first  calculate  the  space  charge  impedance.  Since 
the  size  of  beam  pipe  is  about  1 50  mm  and  the  average  beam 
size  is  about  60  mm,  the  form  factor  g0  becomes  2.8.  To¬ 
gether  with  the  other  parameters  of  a  500  MeV  beam,  the 
space  charge  impedance  becomes  -j3l0Cl. 

In  order  to  observe  space  charge  effects  and  its  compensa¬ 
tion  with  the  impedance  tuner,  an  experiment  was  carried 
out  using  beams  at  the  injection  energy. 

We  take  the  revolution  frequency  and  characterize  the 
impedance  by  it  because  we  observe  the  effects  of  the  im¬ 
pedance  tuner  on  a  single  bunch  whose  fundamental  fre¬ 
quency  is  the  revolution.  In  order  to  cancel  space  charge 
impedance  of  -y'310Q  completely,  the  total  inductance  of 
73.7  |iH  should  be  prepared  with  FINEMET. 

The  FINEMET  is  wound  to  a  toroidal  core  with  the  outer 
diameters  of  340  mm,  the  inner  diameter  of  140  mm,  and 
the  thickness  of  25  mm.  We  measured  the  inductance  of 
FINEMET  as  a  function  of  frequency  is  inductive  imped¬ 
ance  is  about  j 25.5Q  at  the  injection  revolution  frequency. 
Therefore,  the  total  of  12  pieces  of  FINEMET  core  are  nec¬ 
essary  to  fully  compensate  space  charge  impedance. 

3.  EXPERIMENTAL  SET  UP 

The  impedance  tuner  consists  of  identical  three  units 
and  each  unit  has  4  pieces  of  FINEMET  core,  ceramic  gaps 
and  cooper  shields  as  shown  in  Fig.  1.  All  of  the  FINEMET 
cores  are  placed  outside  of  the  ceramic  gaps.  There  are  short 
to  observe  the  difference  between  with  and  without  the  short 
bars.  The  total  length  is  1.2m. 


The  space  charge  impedance  is  negative  inductance  and 
written  as, 

hs-  =  -j 8(1  z°  m 

n  3  2  py2’  (1) 

where  Z0  is  the  free  space  impedance,  /?and  y  are  Lorenz 
factors,  and  gn  is  a  form  factor  defined  by 

g0=l  +  21n"  (2) 

b 

Here  a  is  the  radius  of  beam  pipe  and  b  is  the  transverse 
beam  radius. 

On  the  other  hand,  FINEMET  has  positive  inductive 
impedance.  The  inductive  impedance  is  expressed  as 


Z„ 


=  jco0L, 


(3) 


where  ffl0  =  2 7tf0  and  /0  is  the  revolution  frequency  (667 
1  koba@psacw01.kek.jp 


Fig.l  Impedance  tuner  installed  in  the  KEK  PS. 
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4.  RADIATION  EFFECT 

This  is  the  first  time  to  apply  FINEMET  to  an  accelera¬ 
tor.  It  may  happen  that  radiation  due  to  beam  loss  causes  a 
deterioration  in  the  characteristic  of  FINEMET.  We  have 
proved  that  the  radiation  dose  not  affect  the  impedance  of 
FINEMET  with  the  following  procedure.  A  small  sample 
of  FINEMET  was  placed  for  three  weeks  at  the  section  of 
the  beam  extraction  where  the  radio  activation  becomes 
maximum  in  the  main  ring.  Then  the  impedance  was  mea¬ 
sured  with  a  network  analyzer.  The  same  procedure  was 
repeated  every  three  weeks. 

Figure  2  show  the  imaginary  part  of  the  impedance.  For 
nine  week,  the  total  neutron  flux  applied  to  FINEMET  was 
1.83  x  1012 [n-  cm'2 ]•  We  could  conclude  that  the  imped¬ 
ance  of  the  FINEMET  was  not  changed  by  the  total  neutron 
flux  of  1.83x  1012[n  •  cm"2]  •  The  impedance  tuner  were 
installed  in  the  place  where  the  beam  loss  was  much  less 
than  the  beam  extraction  section. 


0  5  10  15  20  25  30  35 


frequency  [MHz] 

Fig.2  Imaginary  impedance  of  the  FINEMET. 


5.  MEASUREMENT 


The  frequency  fs0  of  synchrotron  oscillations  is  per¬ 
turbed  with  the  potential  of  the  space  charge  and  the  induc¬ 
tive  impedance.  We  will  measure  the  shift  of  synchrotron 
frequency  Afs  as  a  function  of  beam  intensity  and  obtain 
total  impedance  as  a  coefficient.[8] 

In  fact,  the  shift  of  incoherent  synchrotron  oscillations 
can  not  be  measured  directly.  However,  the  incoherent  fre¬ 
quency  shift  can  be  inferred  from  the  coherent  quadrupole 
oscillations.  If  we  take  A/j2  as  a  frequency  shift  of  the  qua¬ 
drupole  oscillations,  there  is  the  following  relation  with  the 
incoherent  shift[9],  a/\  j 


f s20  4  fs 


sO 


(4) 


where  fs 20  is  the  coherent  quadrupole  frequency  at  zero 
beam  intensity. 


The  frequency  of  the  quadrupole  oscillations  is  mea¬ 
sured  as  the  envelope  oscillations  of  a  bunch  signal  from  a 
wall  current  monitor. 

The  frequency  of  the  quadrupole  oscillations  was  mea¬ 
sured  as  a  function  of  beam  intensity  using  impedance  tuner 
and  shown  in  Fig.3.  The  solid  line  is  a  fitted  line  of  the  data 
when  all  of  the  ceramic  gap  were  shorted.  The  dashed  line 
is  the  one  when  one  ceramic  gap  was  shorted  and  the  rest  of 
the  gaps  were  opened.  The  long-dashed  line  is  the  one  when 
all  of  the  gaps  were  opened. 

We  estimate  the  non-perturbed  quadrupole  fre¬ 
quency  fs20  by  extrapolating  the  measured  frequency  to  that 
of  zero  beam  intensity,  and  list  the  results  on  the  Table  1. 
The  average  synchrotron  frequency  is  10.27  kHz.  The  reac¬ 
tive  impedance  on  each  condition  is  derived  from  the  slope 
using  the  average  synchrotron  frequency  and  listed  in  Table2. 
As  expected,  the  more  inductance  is  installed,  the  lower 
magnitude  of  impedance  is  obtained.  That  demonstrates  the 
space  charge  impedance  is  compensated  with  the  imped¬ 
ance  tuner. 


intensity  [ppp] 


Fig.3  Quadrupole  oscillation  frequency  estimated  from 
the  bunch  envelope  measurement. 


Table  1:  synchrotron  frequency  (  at  zero  intensity) 


condition  /„  [kHz] 

without  cores  10.34 

with  1/3  of  total  cores  10.25 

with  total  cores  10.21 


Table2:  Reactive  impedance  on  each  condition  is 
derived  from  the  slope. 

condition  reactive  impedance  [  Q  ] 

without  cores  -y'2475 

with  1/3  of  total  cores  -7 1554 

with  total  cores  — jl  1 82 

6.  EFFECT  OF  THE  RF  NONLINEAR 
FIELD 

We  have  observed  that  the  measured  space  charge  im¬ 
pedance  was  reduced  from  -y'2475£2  to  -7II82Q  by  the 
impedance  tuner  which  consisted  of  12  pieces  of  the 
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FINEMET  cores.  However,  the  measured  impedance  of 
-;'2475Q  was  8  times  as  large  as  the  impedance  of  - y‘3 10Q 
obtained  from  the  calculation.  Moreover,  the  quadrupole 
frequency  at  the  zero  beam  intensity  was  lower  than  the 
frequency,  12.44kHz,  estimated  by  the  following  equation 

(5)  and  Table  3. 

fuo  =  2  x  /j0  =  2  x  frev^j^-eV0cos<l>s  .  (5) 

Table  3:  Nominal  values  of  the  KEK  PS  main  ring  at 
injection. 


symbol  nominal  value 

/?;  machine  average  radius  54m 

tj  ;  slippage  factor  -0.42 

V0 ;  RF  voltage  120/fcV 

h ;  harmonic  number  9 

<t>s ;  synchronous  phase  0  deg 

fm ;  revolution  frequency  667 kHz 


These  two  inconsistencies  were  causes  by  the 
nonlinearity  of  the  RF  field.  The  equation  (4)  and  (5)  are 
based  on  the  assumption  that  an  RF  field  is  linear.  The  eq.(4) 
also  assumes  that  the  particles  distribution  matches  to  the 
RF  bucket  shape.  However,  the  bunch  occupies  the  most  of 
the  RF  bucket  area  and  not  matches  to  it  under  the  opera¬ 
tional  condition  of  the  KEK  PS  main  ruing.  We  have  exam¬ 
ined  the  difference  between  linear  and  non-linear  effects  by 
the  multiparticle  simulation.  The  results  of  the  simulation 
are  shown  as  follows. 

6.1  Simulation  with  linear  field 

Assuming  a  linear  field  without  space  charge  (zero  in¬ 
tensity),  the  frequency  of  the  envelope  oscillation  (the  co¬ 
herent  quadrupole  frequency  /j2o)  is  twice  frequency  of  the 
single  particle  motion  in  the  bunch  (incoherent  frequency 
fs0),  which  is  12.46kHz. 

Assuming  a  linear  field  with  space  charge,  the  relation 
of  the  frequency  shift  agree  with  the  eq.(4). 

6.2  Simulation  with  non-linear  field 

It  turns  out  that  assuming  the  non-linear  field  without 
space  charge,  the  envelope  oscillation  frequency  fs20  dose 
not  agree  with  that  estimated  by  eq.(5).  We  found  that  the 
frequency  obtained  by  the  envelope  oscillation  becomes  an 
average  frequency  (/s0) ,  which  is  10.60kHz,  because  each 
particle  has  each  incoherent  synchrotron  frequency  as  a  func¬ 
tion  of  the  amplitude.  This  value  is  consistent  with  the  re¬ 
sult  of  the  measurement. 

Assuming  a  non-linear  field  with  space  charge,  the  fre¬ 
quency  shift  is  written  by  eq.(6)  rather  than  (4) 

4/j2_  _ 

fm  ~  2  f,o  ■  (6) 

As  a  result  of  these  examinations,  we  know  that  if  the  bunch 


is  influenced  by  the  RF  nonlinear  field  strongly,  the  imped¬ 
ance  has  been  over  estimated. 

We  have  tried  again  the  impedance  analysis  consider¬ 
ing  the  RF  non-linear  effect.  As  a  result,  the  impedance  be¬ 
came  -j697£2  and  was  closed  to  the  result  of  the  calculation 
as  shown  in  Fig.4.  The  detail  has  been  discussed  in  ref.[10]. 


impedance[ohm] 

Fig.4  Analyzed  impedance  including  RF  non-linearlity. 

7.  SUMMARY 

We  designed  the  impedance  tuner  consisting  of  the  in¬ 
ductive  material,  FINEMET,  to  cancel  the  space  charge 
impedance  in  the  longitudinal  direction.  It  was  installed  in 
the  KEK  PS  main  ring. 

We  observed  the  frequency  shift  of  the  coherent  qua¬ 
drupole  oscillations  and  inferred  the  shift  of  the  incoherent 
synchrotron  oscillation.  Total  reactive  impedance  can  be 
estimated  as  the  coefficient  between  the  shift  and  beam  in¬ 
tensity.  Hie  measured  impedance  is  reduced  from  - y'2475Q 
to  —jl  1 82(2  by  the  impedance  tuner  which  consists  of  12 
pieces  of  the  FINEMET  cores.  We  demonstrated  the  space 
charge  impedance  is  compensated  by  the  impedance  tuner. 

This  is  the  first  time  for  FINEMET  to  be  equipped  with 
as  an  accelerator  component.  We  have  proved  that  the  ra¬ 
diation  dose  not  affect  the  FINEMET  even  with  the  total 
neutron  dose  of  1.83x  1012[n  •  cm-2],  which  is  considered 
as  the  highest  dose  of  the  main  ring. 

We  have  analyzed  the  RF  non-linear  effect  in  detail  with 
calculation  and  simulation. 
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Abstract 

The  end  effect  in  a  bunched  beam  is  caused  by  the 
space-charge  forces,  which  accelerate  particles  at  the 
bunch  head  and  decelerate  particles  at  the  bunch  tail.  It 
occurs  in  high-current  linear  accelerators  and  rings  [1]. 
In  the  University  of  Maryland  Electron  Ring  (UMER) 
project  [2,3,4],  the  energy  of  particles  at  the  very  ends  of 
a  rectangular  bunch  is  15%  different  from  that  of  the 
main  part  of  the  bunch.  Assuming  a  negligible  transverse 
space  charge  effect  at  the  edge  of  the  bunch,  one 
dimensional  single  particle  calculation  is  performed  by  a 
matrix  formalism  [6]  to  estimate  the  ratio  of  particle  loss 
due  to  the  end  effect.  Two  possible  cases  are  examined: 
with  no  induction  gap,  and  with  three  induction  gaps.  If 
three  induction  modules  are  used,  for  a  small  number  of 
turns,  the  particle  loss  is  less  than  0.15%,  which  is  small 
enough  to  be  acceptable.  Simulation  by  code  CIRCE  [8] 
is  in  progress. 

1  INTRODUCTION 

A  compact  electron  ring,  UMER,  [2,3,4]  is  designed  and 
being  developed  at  the  University  of  Maryland  for 
transport  of  a  low-energy,  highly  space-change 
dominated  beam  in  a  circular  lattice.  A  10  keV,  100  mA, 
50  ns  electron  beam  is  injected  into  the  ring  from  the 
injector.  The  ring  has  36  dipoles  and  36  FODO  focusing 
periods  to  keep  the  beam  along  the  designed  orbit. 

When  a  bunch  with  a  rectangular  current  profile  is 
transported,  the  strong  longitudinal  space  charge  force 
causes  an  edge  erosion  and  large  energy  spread  [5]. 
Three  induction  gaps  are  used  to  restore  the  pulse  shape. 
The  energy  of  the  bunch  edge  varies  periodically  due  to 
the  longitudinal  expansion  and  restoration.  In  UMER, 
the  maximum  energy  difference  between  the  edge  and 
the  main  part  of  the  bunch  is  as  large  as  1.5  keV,  which 
is  15%  of  the  beam  energy.  This  large  energy  difference 
leads  to  a  serious  deviation  from  the  desired  beam  orbit 
when  these  edge  particles  go  through  a  circular  lattice 
with  dispersion.  Also,  the  focusing  function  of 
quadrupoles,  which  depends  on  the  particle  energy,  will 
be  different  to  the  edge  particles.  Therefore,  the  head 
and  tail  particles  have  different  behaviour  and  may  be 
lost. 

For  a  rectangular  bunch  with  a  uniform  velocity 
distribution,  when  the  beam  length  is  much  larger  than 
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the  beam  radius,  the  variation  of  the  line  charge  density 
A  and  relative  velocity  vrcan  be  found  in  [5].  The 
typical  erosion  process  and  formation  of  head  and  tail 
are  shown  in  Figure  1,  where  is  the 

space  charge  wave  velocity,  with  ■yo47fchembq$rii  center 
velocity. 

Before  reaching  the  “cusp”  point,  the  expanded  bunch 
can  be  restored  by  an  “ear  field”  produced  by  induction 
gaps.  After  the  bunch  is  contracted  back  into  a 
rectangular  shape,  it  will  repeat  the  expansion.  Thus,  the 
energy  of  the  head  particles  vary  periodically  from  1.5 
keV  higher  than  the  beam  to  1.5  keV  lower  than  the 
beam,  with  the  same  time-average  value  as  particles  in 
the  main  part  of  the  beam. 


Figure  1 :  Bunch  expansion  process. 

2  MODEL  USED  IN  CALCULATION 

In  this  paper,  a  simple  one-dimensional  model  is 
developed  to  estimate  the  ratio  of  particle  loss  due  to  the 
end  effect.  It  is  supposed  that  the  transverse  space  charge 
effect  can  be  neglected  due  to  the  relatively  small  line 
charge  density  at  the  edge  of  the  bunch.  And  the 
longitudinal  space  charge  only  changes  the  energy  of 
particles,  and  therefore,  the  focus  function  of 
quadrupoles  and  the  bending  radius  in  the  dipole.  The 
particle  motion  is  tracked  by  the  matrix  formalism  [6], 
The  hard  edge  approximation  is  made  for  the 
quadrupoles  and  dipoles.  The  focusing  function  of  the 
quadrupole  is  determined  by  the  energy  of  the  particle  at 
the  time  it  passes  through  the  quadrupole.  The  particle 
gets  a  kick  in  the  horizontal  direction  when  it  goes 
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through  the  dipole;  the  strength  of  the  kick  depends  on 
the  particle  energy.  A  MATLAB  program  is  written  to 
calculate  the  particle  trajectory  by  using  the  matrix 
formalism. 

The  particles  whose  oscillation  amplitude  is  larger 
than  20mm  are  considered  lost,  and  whose  amplitude  is 
less  than  20mm  will  remain  in  the  beam  pipe.  By 
varying  the  initial  condition  (*,*')  of  the  particle  at 
some  longitudinal  location  z  and  observing  the 
maximum  deviation,  the  stable  area  in  the  phase  space  at 
the  location  z  for  that  particle  is  obtained.  After 
comparing  the  stable  area  with  the  matched  beam 
distribution  in  the  phase  space,  the  ratio  of  particle  loss 
at  the  position  z  is  known.  Several  particles  were  picked 
up  in  calculation  according  to  their  longitudinal  positions 
in  the  bunch.  These  particles  are  marked  in  Figure  1. 
They  are:  head  A,  head  E,  tail  A,  tail  E,  and  tail  F. 

There  are  three  induction  gaps  in  one  revolution  and 
12  FODO  periods  between  two  adjacent  induction  gaps. 
One  period  is  defined  as  from  the  middle  of  the  long 
drift  section  to  the  middle  of  the  next  long  drift  section. 
The  matrix  elements  are  as  following  [6]: 
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Where  g  _  ap  is  the  relative  momentum  error. 


3  CALCULATION  RESULTS 

The  matched  beam  distribution  in  phase  space  is 
obtained  by  TRACE-2D  [7].  It  is  further  supposed  that 
the  beam  is  uniformly  distributed  inside  the  ellipse  of  the 
matched  beam  distribution  in  phase  space. 

The  acceptance  is  obtained  by  sending  an  ideal 
particle  with  initial  condition  (x,x')  into  the  FODO 
lattice,  and  observing  its  maximum  amplitude  of 
betatron  oscillation.  Thf  initial  conditions  (x,x')  which 
corresponding  to  maximum  amplitude  of  20  mm 
compose  the  acceptance  ellipse.  For  lOkeV  ideal 
particle,  the  acceptance  is  shown  in  Figure  2  (the  large 
ellipse)  with  the  matched  beam  distribution  (the  small 
ellipse). 


Figure  2:  Matched  beam  distribution  and  the  acceptance. 


Figure  3:  Stable  Area  of  Head  A  and  Head  E,  with  3 
gaps. 


Figure  4:  Stable  area  of  tail  A,  tail  E  and  tail  F,  with  3 
gaps. 

In  order  to  know  the  ratio  of  the  particle  loss,  the 
stable  area  is  compared  with  the  matched  beam 
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distribution.  The  stable  area  of  the  head  particles  and  tail 
particles  are  shown  in  Figure  3  and  Figure  4.  The  ellipses 
are  corresponding  to  the  initial  condition  (*,*')  that 
causes  20  mm  deviation;  so  the  particles  outside  of  the 
stable  area  ellipse  will  be  lost. 

From  Figure  3,  the  ratio  of  particle  loss  for  particle 
head  A  and  head  E  are  0.4  and  0.  So  the  ratio  of  particle 
loss  in  bunch  head  is  less  than 
#of  particles  between  AE  „  .  „ 

#of  particles  between  AH 

From  Figure  4,  the  ratio  of  particle  loss  for  particle  tail 
A,  tail  E,  and  tail  F  are  respectively  0.5,  0.3  and  0.  So 
the  ratio  of  particle  loss  in  bunch  tail  is  less  than 

#  of  particles  between  AE  ^  ^  |  #  of  particles  between  EF  ^ 
#of  particles  between  AH  #of  particles  between  AH 
=  3.7%  •  0.5  +  (12.5%  -  3.7%)  •  0.3  =  4.5% 

There  is  5%  of  particles  located  in  the  head  and  tail.  So, 
the  total  ratio  of  particle  loss  is  less  than 
5%  x  4.5%  -  2  +  5%  x  1 .5%  -  2  =  0.15% 


Figure  5:  Comparison  of  stable  area  of  particle  head  A  in 
2  cases:  with  3  gaps  and  with  no  gap. 
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Figure  6:  Comparison  of  stable  area  of  particle  tail  A  in 
2  cases:  with  3  gaps  and  with  no  gap. 


In  some  experiments  when  we  care  more  about  beam 
position,  the  induction  gaps  will  be  changed  into 
resistive  beam  position  monitors,  resulting  in  no  periodic 
energy  variation.  In  Figure  5  and  Figure  6,  the  stable 
area  in  this  case  is  compared  with  that  of  three  induction 
gaps.  From  the  comparison  we  know  that  the  stable  area 
is  larger  if  there  is  no  induction  gap.  The  ratio  of  loss  is 
smaller  compared  to  the  case  with  three  induction  gaps. 
However,  this  model  only  applies  to  the  first  three  turns 
before  the  “cusp”  point.  After  that  the  model  is  no  longer 
correct. 

Simulation  by  code  CIRCE  [8]  is  going  on.  But  there 
is  no  final  result  yet.  The  first  author  would  like  to 
acknowledge  Bill  Sharp  of  LLNL  for  his  great  help  in 
using  this  code. 


4  SUMMARY 

The  calculation  results  show  that  the  end  effect  is  not  of 
serious  concern  in  UMER.  In  the  case  of  no  induction 
gaps,  for  the  first  three  turns  considered  here,  the  particle 
loss  rate  is  negligibly  small.  In  the  case  of  three 
induction  gaps,  less  than  0.15%  particles  will  be  lost  for 
a  small  number  of  turns.  This  number  is  small  enough  so 
that  no  special  arrangement  is  needed  to  overcome  this 
effect  during  the  initial  operation  of  UMER. 
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Abstract 

We  present  an  experimental  observation  of  the  abnormal 
growth  of  localized  nonlinear  fast  space-charge  waves  in 
space-charge  dominated  electron  beams  passing  through  a 
dissipative  channel.  High-perveance  electron  beams  with 
localized  perturbations  are  launched  from  a  gridded 
electron  gun  and  transported  through  a  short  resistive-wall 
channel  consisting  of  a  resistive-film  coated  glass  tube 
inside  a  long  solenoid  providing  uniform  focusing.  The 
energy  width  of  the  space-charge  waves  developed  from 
the  perturbations  is  measured  on  both  ends  of  the  channel. 
The  experiments  have  shown  that  the  localized  fast  space- 
charge  wave  appears  to  grow  under  nonlinear 
perturbations;  in  the  linear  regime,  as  expected,  the 
energy  width  of  slow  waves  increases,  while  the  energy 
width  of  fast  waves  decreases  when  they  pass  through  the 
resistive  channel. 

1  INTRODUCTION 

The  longitudinal  instability  of  charged  particle  beams, 
caused  by  the  growth  of  slow  space-charge  waves  due  to 
interaction  with  a  dissipative  wall,  is  an  important  issue  in 
particle  accelerators,  microwave  generators,  and  plasmas. 
We  have  been  studying  this  instability  in  space-charge 
dominated  electron  beams  by  perturbing  the  beams  with 
localized  perturbations  and  transporting  them  in  a  resistive 
environment.  In  the  previous  studies,  linear  waves  were 
employed  and  the  experiment  demonstrated  the  growth  of 
localized  slow  space-charge  waves  and  the  decay  of  fast 
space-charge  waves.  The  growth/decay  rates  of  the 
slow/fast  waves  were  measured  and  the  experiment  was 
compared  with  theory  [1].  In  this  paper,  we  report  a 
unexpected  observation  that  the  energy  width  of  localized 
fast  space-charge  waves  appears  to  grow  in  a  resistive 
channel  if  the  perturbations  are  highly  nonlinear. 

2  EXPERIMENTAL  SETUP  AND 
METHOD 

The  experimental  setup,  as  shown  in  Fig.  1,  consists  of  a 
short-pulse  electron  beam  injector,  a  resistive-wall 
channel,  and  diagnostics.  The  injector  [2]  contains  a 
gridded  electron  gun,  which  can  produce  desired  beam 
parameters  with  localized  perturbations.  The  key 
component  of  the  resistive- wall  channel  is  a  glass  tube  of 
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about  1  m  in  length  and  3.81  cm  in  inner  diameter.  The 
inner  surface  of  the  glass  tube  is  coated  with  Indium-Tin- 
Oxide  (ITO).  The  total  resistance  of  the  tube  employed  in 
the  experiments  is  5.44  kfl,  which  corresponds  to  0.673 
kO  per  square.  The  beam  is  focused  by  a  1.4-m  long 
uniform  solenoid  coaxial  to  the  resistive-wall  tube.  Three 
short  solenoidal  lenses  are  employed  in  the  injector  to 
match  the  beam  into  this  channel.  The  diagnostics 
includes  two  retarding-field  energy  analyzers  at  the 
entrance  and  the  exit  of  the  resistive  tube  to  measure  the 
energy  of  beam  particles  and  space-charge  waves. 
Typical  beam  parameters  are  2-8  keV  in  energy,  20-100 
mA  in  current,  and  about  100  ns  in  the  pulse  duration. 


First  Diagnostic  Chamber 


Ml  -  M3 :  Matching  Lenses  PS  :  Phosphor  Screen 
EA :  Energy  Analyzer  EM :  Eirattancc  Meter 


Fig.  1  Setup  of  resistive-wall  instability  experiment. 

In  the  experiment,  electron  beams  with  localized 
perturbations  are  generated  in  the  gridded  electron  gun 
and  transported  through  the  resistive-wall  channel.  Single 
slow  or  fast  waves  can  be  developed  on  these  beam  pulses 
by  applying  the  technique  described  in  a  previous  letter 
[3],  The  energy  width  of  space-charge  waves  is  measured 
and  compared  at  the  both  ends  of  the  resistive-wall 
channel.  This  is  done  as  the  follows:  by  increasing  the 
retarding  voltage  in  the  energy  analyzers,  the  beams  and 
space-charge  waves  can  be  gradually  suppressed  in  the 
analyzer  output.  In  this  way,  the  energy  levels  of  the 
beam  and  the  energy  width  of  space-charge  waves  can  be 
determined.  A  typical  measurement  with  the  energy 
analyzers  is  shown  in  Fig.  2.  The  beam  is  suppressed  at  a 
retarding  high  voltage  of  3.595  kV.  The  remaining  signal 
on  the  top  trace  is  a  fast  wave  in  which  the  particles  have 
a  higher  energy  than  the  beam  average  energy.  When  the 
retarding  high  voltage  further  increases,  the  space-charge 
wave  signal  decreases  and  eventually  disappears  at  3.608 
kV.  This  results  in  an  energy  width  of  13  eV  for  the  fast 
wave. 
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Fig.  2  Fast  wave  signals  from  an  energy  analyzer  at 
different  retarding  high  voltage. 


3  EXPERIMENTAL  OBSERVATIONS 

The  measurement  with  the  two  energy  analyzers  for  a 
slow  wave  on  a  beam  of  about  2.5  keV  and  39.2  mA  is 
shown  in  Fig.  3.  Here  the  relative  amplitude  of  the  wave 
from  the  two  energy  analyzers  is  plotted  against  the 
difference  between  the  retarding  voltage  and  beam 
voltage.  The  energy  width  of  the  slow  wave  increases 
from  28  eV  to  43  eV  due  to  the  instability,  corresponding 
to  a  spatial  growth  rate  of  0.45/m.  Another  measurement 
for  a  fast  wave  is  performed  at  a  beam  energy  of  3.595  kV 
and  a  beam  current  of  19.8  mA.  The  result  is  shown  in 
Fig.  4.  The  energy  width  of  the  fast  wave  decreases  from 
21  eV  to  13  eV,  giving  a  spatial  decay  rate  of  -0.50/m. 


Difference  Between  Retarding  Voltage 
and  Beam  Voltage  (V) 


Fig.  3  Relative  amplitude  of  a  slow  space-charge  wave  vs. 
the  difference  between  the  retarding  voltage  and 
beam  voltage,  where  EA1  and  EA2  are  the  energy 
analyzer  before  and  after  the  resistive  wall, 
respectively. 


-5  0  5  10  15  20  25 

Difference  Between  Retarding  Voltage 
and  Beam  Voltage(V) 


Fig.  4  Energy  width  of  a  fast  wave  from  EA1  and  EA2. 

Measurements  with  the  energy  analyzers  are  also 
performed  in  the  nonlinear  regime  where  a  rather  large 
line-charge  density  perturbation  is  introduced  on  the 
beams.  This  is  done  by  introducing  a  strong  voltage 
perturbation  on  the  grid-cathode  pulse  of  the  electron  gun, 
that  results  in  large  line-charge  density  and  current 
perturbation  on  the  beam.  Figure  5  shows  such  a  case, 
where  it  can  be  seen  that  a  beam  current  signal  modulated 
with  a  large  localized  space-charge  wave,  measured 
before  the  resistive  wall.  The  ratio  of  the  wave  amplitude 
over  the  average  beam  current  is  nearly  40%,  a  highly 
nonlinear  case  !  Under  such  nonlinear  perturbations,  the 
energy  width  of  a  localized  slow  wave  always  increases 
when  the  wave  passes  through  the  resistive  channel.  This 
is  shown  in  Fig.  6,  where  the  growth  rate  of  slow  waves 
vs.  the  perturbation  strength  is  plotted. 


-20  0  20  40  60  80  100  120  140 

Time(ns) 

Fig.  5  Beam  current  signal  with  a  highly  nonlinear  space- 
charge  wave. 
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Fig.  6  Growth  rates  vs.  perturbation  strength  for  slow 
waves. 

Nevertheless,  the  results  for  localized  fast  waves  are 
totally  unexpected  and  counter-intuitive.  The  energy 
width  of  the  fast  waves  appears  to  increase  under 
nonlinear  perturbations  in  the  resistive  wall  channel.  This 
is  shown  in  Fig.  7.  Measurements  have  been  performed 
for  fast  waves  under  different  perturbation  strength.  In  the 
linear  regime,  the  fast  wave  decays,  as  expected.  When 
the  perturbation  is  strong  enough,  a  transition  from  decay 
to  growth  takes  place.  The  growth  rate  eventually  levels 
off  for  the  strongest  perturbations  in  the  experiments. 
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Fig.  7  Growth  rates  vs.  perturbation  strength  for  fast 
waves  in  a  resistive- wall  channel. 
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Fig.  8.  Growth  rates  vs.  perturbation  strength  for  fast 
waves  in  a  conducting  wall  pipe. 

We  are  so  far  not  able  to  interpret  this  unexpected 
phenomenon  by  the  nonlinear  dynamics,  including  the 
solitary  waves,  explosive  instability,  etc.  In  order  to 
eliminate  possible  errors  in  the  diagnostics,  the  resistive 
wall  is  replaced  by  a  conducting  tube  and  any  other 
conditions  remain  the  same.  In  this  case,  no  growth  or 
decay  is  observed  for  the  fast  wave,  as  expected.  The 
results  are  plotted  in  Fig.  8. 
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MICROWAVE  INSTABILITY  AND  IMPEDANCE  MODEL 

A.  Mosnier,  SOLEIL,  Gif/Yvette  (France) 


Abstract 

Tracking  simulations,  with  the  aim  of  studying  the 
microwave  regime  with  short  and  intense  bunches, 
suggest  different  instability  mechanisms,  according  to  the 
impedance  model.  In  order  to  get  a  better  insight  of  the 
source  of  the  instability,  i.e.  azimuthal  or  radial  mode 
coupling,  we  chose  to  follow  the  Vlasov-Sacherer 
approach  to  investigate  the  stability  of  the  stationnary 
solution.  The  generalized  Sacherer’s  integral,  including 
mode  coupling  and  potential  well  distortion,  was  then 
solved  by  using  the  “step  function  technique”  for  the 
expansion  of  the  radial  function,  as  proposed  by  Oide  and 
Yokoya.  For  illustration,  the  effect  of  the  resonant 
frequency  of  a  broadband  resonator  in  the  SOLEIL  storage 
ring  was  studied.  When  the  resonator  frequency  is  much 
higher  than  the  bunch  spectrum  width,  azimuthal  mode 
coupling  can  occur  before  radial  mode  coupling.  When  the 
resonator  frequency  is  lower,  radial  mode  coupling  comes 
usually  first,  but  two  or  more  bunchlets  are  produced  at 
relatively  low  current.  The  diffusion  process  between  the 
bunchlets,  which  leads  to  the  well-known  “saw-tooth” 
behaviour,  originates  actually  from  a  fast  growing 
microwave  instability.  Lastly,  the  beneficial  effect  of  an 
harmonic  cavity  on  the  microwave  instability  is  estimated 
and  discussed. 

1  INTRODUCTION 


f  ^K*m{(0,J)Km.(G),J’)d(0  (2) 

J  1(0 

where  Km  is  an  integral  over  the  phase  variable.  The 
integral  equation  (1)  was  solved  by  expanding  the  radial 
function  Rm. 

Rm(J)  =  ^Cmnhn{J)  (3) 

n 

according  to  the  “mesh  technique11,  as  suggested  by  Oide 
and  Yokoya  [4],  This  method  uses  step  functions  for 
hn(J)  which  takes  the  constant  value  l/A/„  in  the  strip 
around  the  n-th  mesh  with  the  thickness  A Jn ,  and  zero 
elsewhere,  and  converts  (1)  into  an  eigenvalue’s  problem.. 

For  illustration,  the  parameters  of  the  SOLEIL  storage 
ring  [5]  are  used  throughout  the  paper,  as  well  as  a 
broadband  resonator  as  impedance  model  of  the  vacuum 
chamber.  The  shunt  impedance  was  fixed  to  3.6  kQ,  but 
since  the  feature  of  the  impedance,  as  seen  by  the  beam, 
changes  with  the  resonant  frequency,  we  resolved  to  vary 
the  resonator  frequency  on  a  wide  frequency  range,  from  10 
to  30  GHz,  in  order  to  study  the  effect  on  the  phase  space 
topology  and,  above  threshold,  on  the  origin  of  the 
microwave  instability. 

2  HIGH  RESONANT  FREQUENCY 

The  potential  well  distortion  is  first  calculated  by  solving 
the  Haissinski’s  equation  for  a  30  GHz  resonator  (Fig.l). 


The  Vlasov-Sacherer  approach  is  chosen  to  investigate  the 
onset  of  the  microwave  instability,  leading  to  abnormal 
bunch-lengthening  and  energy  spread  widening  in  electron 
storage  rings.  As  soon  as  the  potential  well  distorsion, 
due  to  wakefields  induced  in  the  vacuum  chamber,  is 
significant,  single-particle  trajectories  are  no  longer 
ellipses  and  the  spread  in  synchrotron  frequency  must  be 
taken  into  account  in  the  stability  study  of  the  stationnary 
distribution,  given  by  the  Haissinski’s  equation  [1],  The 
Sacherer’s  integral  equation  with  mode  coupling  [2]  is 
then  generalized  to  [3] 

(Q  -rnco(J))Rm(J)  = 

- mco(J)Vo(J)k  £  \Gmm.(J,J')Rm'(J')dJ'  (1) 

m' 

As  the  synchrotron  motion  is  strongly  nonlinear,  the 
action-angle  variables  (J,<p)  have  been  used.  %  and  to  are 
the  amplitude-dependent  distribution  and  synchrotron 
frequency  of  the  equilibrium  state.  The  perturbation 
distribution  oscillates  with  the  coherent  frequency  and 
has  been  expanded  into  the  usual  radial  functions  Rm.  The 
Kernel  is  an  integral  over  the  frequency,  involving  the 
impedance : 


Figure  1 :  Charge  distributions  (top)  -  bunch  head  on  the 
right  side  -  and  synchrotron  frequency  (bottom)  for 
different  beam  currents  (30  GHz  resonator). 

As  usual,  the  distribution  becomes  asymmetric  due  to 
the  resistive  part  of  the  impedance  and  the  bunch  shifts 
forward  (positive  momentum  compaction)  to  compensate 
for  the  energy  loss.  The  actual  synchrotron  frequency 
starts  below  the  zero-current  frequency  due  to  the  inductive 
part  of  the  impedance.  However,  above  3  mA,  instead  of 
raising  monotically  towards  unity  as  the  amplitude 
increases,  it  reaches  a  minimum  due  to  the  resistive 
component. 

The  next  task  consists  in  studying  the  stability  of  the 
stationary  distribution.  Looking  first  for  eventual  radial 
mode  coupling  by  calculating  the  eigenvalues  for  each 
azimuthal  mode  m,  separately,  we  find  that  the  modes 
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m= 3  to  5  are  unstable  above  5  mA.  Fig.  2  shows  for 
example  the  power  spectra  of  the  sextupole  mode, 
calculated  by  means  of  the  eigenvectors  just  before  and 
after  the  instability  threshold.  The  overlap  of  the 
resistance  with  the  power  density  is  higher  at  positive 
frequencies  than  at  negative  frequencies  above  5.5  mA, 
confirming  the  emergence  of  a  radial  mode  coupling.  If 
now  we  pursue  the  analysis  by  solving  the  system  with 
pairs  of  azimuthal  modes,  we  find  a  strong  coupling 
between  the  modes  m= 1  and  m=2  at  relatively  low 
intensity 


Figure  2:  Power  spectra  the  m= 3  mode  just  before  and 
after  the  instability  threshold  of  5.5  mA. 

Lastly,  the  coherent  frequency  is  plotted  in  Fig.  3,  when 
more  azimuthal  modes  than  enough  are  taken  into  account 
(m=  1  to  6).  A  complete  mixing  occurs  at  relatively  low 
current,  after  a  rapid  spread.  The  growth  rate  increases 
dramatically  with  a  current  around  5  mA,  which 
represents  the  onset  of  the  instability.  For  higher 
intensity,  the  growth  rate  is  larger  than  the  radiation 
damping  rate  of  the  SOLEIL  ring.  Several  types  of 
instability  -  identified  by  solid  circles  -  develop 
simultaneously,  the  nature  of  the  most  unstable  modes 
changing  with  intensity  :  at  the  threshold  of  5  mA,  the 
microwave  instability  is  induced  by  a  radial  coupling  of 
the  sextupole  mode  and  a  coupling  of  the  dipole  and 
quadrupole  modes;  these  instabilities  are  finally  overtaken 
by  the  radial  m= 5  mode  coupling  above  8  mA;  an 
octupole  mode  can  be  also  identified,  but  with  a  smaller 
growth  rate. 


Figure  3:  Re(£2)  and  Im(Q)  vs.  current  (m=  1  to  6). 


3  LOW  RESONANT  FREQUENCY 

Similarly,  potential  well  distortion  is  first  calculated  for  a 
lower  resonant  frequency  1 1  GHz  resonator  (Fig.4).  The 
bunch  becomes  much  more  distorted  than  before  and  two 
peaks  appear  above  3.5  mA,  as  soon  as  there  are  two  or 
more  stable  fixed  points,  forming  distinct  islands  in  the 
phase  space  (Fig.5).  We  note  that  the  synchroton 
frequency  is  vanishing  on  the  separatrix,  whereas  it  is 


about  equal  to  the  zero-current  frequency  at  the  center  of 
the  first  island  and  twice  the  zero-current  frequency  at  the 
center  of  the  second  island. 


Figure  4:  Charge  distributions  (top)  -  bunch  head  on  the 
right  side  -  and  synchrotron  frequency  (bottom)  for 
different  beam  currents  (11  GHz  resonator). 


Figure  5:  Norm,  net  voltage  (left  -  solid  line)  and 
constant-//  contours  in  phase  space  (right)  at  5  mA. 


The  next  task  consists  in  studying  the  stability  of  the 
stationary  distribution.  The  imaginary  and  real  parts  of  Q , 
calculated  for  with  a  sufficient  number  of  modes,  are 
plotted  as  a  function  of  bunch  current  in  Fig.6.  The 
growth  rate  looks  more  chaotic  than  for  the  higher 
frequency  resonator,  because  of  the  rapid  change  of  the 
topology  of  the  phase  space,  perturbated  by  the  formation 
of  two  or  more  bunchlets.  Above  4  mA,  which  can  be 
considered  as  a  threshold,  two  mode  families  with  regular 
growth  rate  increase  (identified  by  solid  circles  on  the 
figure),  stand  out  nevertheless.  It  is  worth  noting  the 
sudden  change  of  behaviour  at  a  current  of  6  mA. 


Figure  6:  Re(£2)  and  Im(Q)  vs.  current  (m=\  to  6). 


Again,  tracking  simulations  confirmed  a  threshold  of  4 
mA,  although  some  premonitory  fluctuation  of  energy 
spread  can  be  observed  slightly  before,  as  predicted. 
However,  the  so-called  sawtooth  instabilty,  already 
observed  in  existing  machines  appears  suddenly  at  6  mA. 
Tracking  results  show  a  quick  increase  of  both  energy 
spread  and  bunch  length,  followed  by  a  slower  decrease, 
with  a  recurrence  of  about  150  Hz  (Fig.  7). 
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Figure  7:  Energy  spread  widening  as  a  function  of  the 
number  of  turns. 

A  density-plot  of  the  most  unstable  distribution, 
calculated  from  the  eigenvectors,  is  given  in  Fig. 8  at  the 
limit  of  emergence  of  the  sawtooth  behaviour  (6  mA). 
The  azimuthal  pattern  reveals  a  pure  dipole  mode  inside 
the  trailing  bunchlet.  It  is  worthwhile  noting  that  this 
unstable  dipole  mode  widens  so  far  as  to  reach  the 
separatrix  of  the  tail  island.  Particles  can  diffuse  through 
the  unstable  fixed  point  and  populate  the  head  bunchlet, 
leading  to  relaxation  oscillations.  A  phenomenological 
description  of  the  sawtooth  behaviour  was  suggested  in 
[6],  but  the  diffusion  process  was  assumed  to  originate 
from  the  random  emission  of  radiation,  instead  of  a  strong 
instability. 


Figure  8:  Density-plot  of  the  dipole  mode  (6  mA). 

4  CONCLUSION 

The  threshold  of  the  microwave  instability  has  been 
estimated  over  a  wide  frequency  range  of  the  broadband 
resonator.  Although  the  source  of  the  instability,  radial  or 
azimuthal  mode  coupling,  is  changing  and  although  the 
azimuthal  mode  number  is  differing  greatly  (from  m=  1  or 
2  at  low  frequency  to  m= 5  or  6  at  high  frequency),  the 
onset  of  the  instability  does  not  change  a  lot  from  5  GHz 
to  30  GHz.  It  is  plotted  in  Fig.  9  as  a  function  of  the 
frequency  (Orav  and  has  a  broad  minimum  between  1  and 
1.5.  However,  the  threshold  is  not  the  only  criterion;  in 
particular,  lower  frequency  resonators  are  more  harmful 
since  they  can  induce  dipole  or  quadrupole  oscillations  of 
large  amplitude  and  sawtooth  type  instabilities  can 
develop,  owing  to  the  formation  of  micro-bunches. 


Figure  9:  Microwave  instability  threshold  as  function  of 
normalized  resonator  frequency. 

Although  the  primary  goal  of  an  harmonic  cavity, 
operating  in  the  bunchlengthening  mode,  is  to  increase 
beam  lifetime  in  Synchrotron  Light  Sources,  it  has  also  a 
beneficial  effect  on  the  microwave  instability.  As  the  use 
of  the  harmonic  cavity  reduces  strongly  the  peak  current, 
we  could  expect  a  large  increase  of  the  instability 
threshold.  Besides,  since  the  final  voltage,  including  the 
wake  potential,  is  smoothed  off,  it  will  suppress  multiple 
bunchlets,  which  would  appear  at  relatively  low  current. 
However,  we  found  [3]  that,  even  though  the  particle 
density  is  divided  by  a  factor  of  about  4,  the  instability 
threshold  enhancement  is  only  a  factor  two.  This 
efficiency  loss  can  be  explained  by  the  lower  synchrotron 
frequency  spread  due  to  a  lower  potential  well  distortion 
(Fig.  10).  In  case  of  short  bunches,  the  non-linearity  and 
then  the  Landau  damping  effect  of  an  harmonic  cavity, 
even  operating  at  the  third  harmonic,  is  much  smaller  than 
the  Wakefield’s  one. 


Figure  10:  Magnitude  y/0  (left)  and  synchrotron  frequency 
(right)  of  the  stationnary  distribution  vs.  V2J. 
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Abstract 

We  study  single  bunch  stability  with  respect  to  monopole 
longitudinal  oscillations  in  electron  storage  rings.  Our 
analysis  is  different  from  the  standard  approach  based  on 
the  linearized  Vlasov  equation.  Rather,  we  reduce  the 
full  nonlinear  Fokker-Planck  equation  to  a  Schrodinger- 
like  equation  which  is  subsequently  analyzed  by  perturba¬ 
tion  theory.  We  show  that  the  Haissinski  solution  [3]  may 
become  unstable  with  respect  to  monopole  oscillations  and 
derive  a  stability  criterion  in  terms  of  the  ring  impedance. 

1  INTRODUCTION 

Single  bunch  longitudinal  instability  often  limits  the  per¬ 
formance  of  electron  storage  rings.  Theoretical  analysis 
of  this  instability  is  usually  based  on  the  Fokker-Planck 
equation  that  includes  the  effects  of  both  Hamiltonian  and 
stochastic  forces.  The  Hamiltonian  part  describes  the  syn¬ 
chrotron  motion  while  radiation  terms  account  for  the  much 
slower  effects  of  the  synchrotron  radiation  and  define  the 
beam  size  at  low  intensity.  A  stationary  solution  of  the 
Fokker-Planck  equation  was  first  obtained  in  1973  by  J. 
Haissinski  [3].  Since  then  much  of  the  instability  analy¬ 
sis  was  done  utilizing  the  linearized  Vlasov  equation  tech¬ 
nique,  where  the  Fokker-Plank  equation  is  linearized  with 
respect  to  the  Haissinski  solution.  In  this  approach  the 
Haissinski  solution  is  also  used  to  introduce  the  action- 
angle  variables  that  make  the  Haissinski  Hamiltonian  inde¬ 
pendent  of  angle.  The  linearized  Vlasov  technique  leads  to 
the  concept  of  azimuthal  phase  space  modes,  which  are  the 
components  of  the  perturbation  to  the  Haissinski  solution 
with  certain  azimuthal  symmetry.  The  first  three  of  such 
modes  are  sketched  in  Fig.  1.  Neglecting  the  possibility  of 
several  potential  well  minima  we  assume  that  action-angle 
variables  can  be  defined  uniformly  across  the  whole  plane. 


Figure  1 :  Example  contour  plots  of  the  monopole,  dipole 
and  quadrupole  modes 

As  seen  from  Fig.  1  the  monopole  mode  is  special  be¬ 
cause  its  physical  space  projection  does  not  change  signif¬ 
icantly  during  a  synchrotron  period.  This  argues  that  ra- 
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diation  rather  than  Hamiltonian  forces  define  the  dynam¬ 
ics  of  this  mode.  Since  the  monopole  mode  has  the  same 
azimuthal  structure  as  the  Haissinski  solution  it  is  nor¬ 
mally  omitted  from  the  standard  linearized  Vlasov  analy¬ 
sis.  There  the  radiation  terms  in  the  Fokker-Plank  equation 
define  the  Haissinski  solution  and  then  only  Hamiltonian 
terms  remain  in  the  linearized  Vlasov  equation.  The  possi¬ 
bility  that  a  perturbation  is  monopole,  but  with  radial  struc¬ 
ture  different  from  the  Haissinski  solution,  is  neglected. 

In  this  paper  we  are  exploring  the  possibility  that  an  in¬ 
stability  can  be  associated  with  the  monopole  mode.  Rather 
than  extending  the  linearized  Vlasov  technique  we  find  it 
more  convenient  to  transform  the  Fokker-Plank  equation  to 
a  Schrodinger-like  equation  and  analyze  the  latter  using  the 
Haissinski  solution  as  a  basis.  Advantages  of  this  approach 
are  that  it  is  tractable  and  it  allows  us  to  use  some  well 
known  facts  about  Schrodinger  equation  solutions. 

We  assume  below  that  the  monopole  mode  can  be  con¬ 
sidered  separately  from  other  modes.  The  validity  and  con¬ 
sequences  of  this  assumption  are  discussed  in  [1], 

2  NOTATION  AND  BASIC  EQUATIONS 

For  a  relativistic  bunch  longitudinal  dynamics  is  often  de¬ 
scribed  in  dimensionless  variables 


X  —  z/cro,  p=-6/60,  T  =  Us0t,  (1) 

where  z  is  the  position  of  a  particle  with  respect  to  the 
bunch  centroid  (z  >  0  in  the  head  of  a  bunch),  <5  is  the 
relative  energy  spread,  uso  is  the  synchrotron  frequency, 
and  the  subscript  ”0”  refers  to  zero-current  quantities. 
The  Fokker-Planck  equation  for  the  distribution  function 
p(x,  p,  f)  can  be  written  [2]  as 


jpf  +  {#i  P)v,x  - 


(2) 


where  {...}  denotes  the  Poisson  brackets,  7 is  the  radiation 
damping  rate,  H ( x,p ,  f)  is  the  self-consistent  Hamiltonian 


H(x,p,f)  =  y  +  y  4- A  J  dx' dp' p(x',p',f)S(x'  -x), 

(3) 

and  p  is  normalized  to  1 .  We  have  neglected  the  nonlinear¬ 
ities  of  RF  potential  and  defined  the  parameter 

A  =  NroiCyaSl)-1,  (4) 

where  N  is  the  number  of  particles  in  a  bunch,  ro  is  the 
classical  electron  radius,  C  is  the  ring  circumference  and  a 
is  the  momentum  compaction.  We  have  also  defined  a  di¬ 
mensionless  function  S(x)  =  erg  fg  dx'W(crox')  in  terms 
of  the  wakefield  W  ( z )  for  two  particles  separated  by  z. 
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The  Fokker-Planck  equation  (2)  has  a  steady-state 
Haissinski  solution  [3] 

pH(x,p)  =  ZHe-H»^l  (5) 

where  Zh  is  a  normalizing  factor  and  Hh  is  defined  by  (3) 
with  p  replaced  by  pn- 

Canonical  transformation  from  x,  p  to  action-angle  vari¬ 
ables  J,(f>  can  be  defined  to  make  the  Hamiltonian  Hh 
phase  independent,  H h(x,p)  -4  Hh{J)-  Ignoring  non¬ 
zero  azimuthal  modes  by  assuming  H  =  H(J,  f),  p  = 
Po(J,  f)  the  dynamics  of  the  monopole  mode  is  described 
by  (2)  transformed  to  J,  <j>  variables  and  averaged  over 
phase.  This  can  be  done  using  the  invariance  of  the  Poisson 
brackets  [4].  Introducing  the  diffusion  coefficient 

D(J)  =  J/uH{J),  (6) 


and  renormalizing  time  to  the  damping  rate  r  =  7</i  we 
can  transform  ( [1])  equation  (2)  to  the  form 


a£  =  fj{D{J)&j+^T)  4  <7) 


wher cljh(J)  =  and u>(J,r)  = 


3  TRANSFORMATION  TO  A 
SCHRODINGER-LIKE  EQUATION 

The  Fokker-Planck  equation .  (7)  has  a  standard  form  that 
permits  transformation  to  a  Schrodinger-like  equation  [5], 
Let  us  introduce  a  new  independent  variable 

y  =  y(J)=  [J  dJ'/^D(Fj  (8) 

Jo 

and  two  functions 

l{v-T)szmmeH")l2mvU)'  <9) 

*<X,t)  =  H(J(y),  t)  -  (1/2)1 .«),  (10) 

where  J(y )  is  given  implicitly  by  (8).  Now  the  Fokker- 
Planck  equation  (7)  takes  the  form 

%  =  (11) 


where 


Us(y ,  r)  =  [4>'(y,  r)/2 ]2  -  *"(y,  r)/2  (12) 


and  dot  and  prime  denote  partial  derivatives  with  respect  to 
r  and  y.  Eq.  (11)  is  nonlinear  since  $  is  related  to  /  by  a 
self-consistency  condition  ( [1])  that  follows  from  (3). 

Note,  that  /#(y)  =  Zny/D{J {y))e~Hn ( J (»))/2  is  the 
steady-state  solution  of  (11)  and  it  corresponds  to  the, 
Haissinski  solution.  Without  the  last  term  (11)  can  be 
thought  of  as  a  Schrodinger  equation  for  a  particle  in  the 
potential  well  Us{y,T).  Since  this  term  is  zero  for  the 
Haissinski  solution,  one  can  neglect  it  for  solutions  that  are 
close  to  fn-  This  includes  the  case  of  the  early  time  behav¬ 
ior  of  a  system  initialized  with  the  Haissinski  distribution 
at  r  =  0. 


4  SCHRODINGER  EQUATION 
ANALYSIS 


After  neglecting  the  4>  term  equation  (11)  reads 

g  =  0-t%,r)/.  (13) 

First,  we  solve  a  linear  problem  for  which  w(  J)  =  w°  is 
a  constant.  In  this  case  y  =  2Vu>°J  and  the  Schrodinger 
potential  is  simply 


tj°(v)  —  _ I _ 

■siV)  ~  16  2  4y2  ’ 


which  makes  (13)  a  solvable  eigenvalue  problem.  The  so¬ 
lution  is 

OO 

f°(y,T)=Y,^^e~x°mT'  (15) 

m—0 

=  (y/2)1/2e_a2/8Lm(y2/4),  (16) 

where  =  m  =  0, 1,  2, ...  are  the  eigenvalues  and  Lm  is 
the  Laguerre  polynomial  of  order  m.  As  expected,  the  lin¬ 
ear  problem  does  not  have  unstable  solutions.  Any  initial 
distribution  exponentially  approaches  the  Haissinski  solu¬ 
tion  ip®  (y)  on  the  time-scale  defined  by  radiation  damping. 

For  the  general  case,  u)(J)  ^  const ,  asymptotic  behav¬ 
ior  of  the  solutions  of  (11)  is  described  by  the  solutions 
to  the  linear  problem  (14),(16).  In  spite  of  the  singularity 
in  the  potential  the  eigenvalues  Am  are  bounded  from  be¬ 
low  [1].  Furthermore,  because  fn  {y)  does  not  have  zeros, 
this  solution  has  the  lowest  eigenvalue  A0  =  0  and  the  rest 
of  Am  are  positive.  Therefore,  in  this  approximation,  the 
Haissinski  solution  is  stable. 


5  PERTURBATION  THEORY 


How  much  the  conclusion  above  depends  on  the  assump¬ 
tion  that  the  $  term  in  ( 1 1 )  is  negligible  can  be  analyzed  by 
a  perturbation  technique.  The  approach  is  summarized  be¬ 
low  and  the  details  can  be  found  in  [1],  We  assume  small 
deviation  from  the  Haissinski  solution.  This  deviation  is 
expanded  over  ipm(y)  that  are  orthogonal  eigenfunctions 
of  (13).  Now  (1 1)  together  with  the  self-consistency  con¬ 
dition  result  in  an  infinite  linear  system  for  the  expansion 
coefficients.  Looking  for  exponentially  varying  solutions 
oc  eMr  transforms  this  system  to  a  matrix  equation.  Its  so¬ 
lutions  are  given  by  the  roots  of  the  determinant  for  the 
infinite  matrix 

M  =  8n,k  +  2A^^,  (17) 

where 


!^n,k  — 


dv  Z(u) 


dJd(j> 


i’njyjj)) 

VW) 
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and  Z0  is  the  impedance  of  free  space.  Positive  roots  fi>  0 
mean  instability  to  monopole  excitation  of  a  bunch. 

Since  the  off-diagonal  terms  of  K„tk  are  small  and  the 
others  quickly  converge  to  zero,  a  good  approximation  for 
the  roots  fx  can  be  found  by  truncating  the  matrix  M.  If  we 
truncate  it  to  the  lowest  nontrivial  rank  2  then  zero  deter¬ 
minant  occurs  for  / x  =  —  Ai (1  +  2A/C14).  Because  Ai  >  0, 
this  root  is  positive  when 

2A«i,i  <  -1,  (20) 

and  this  may  be  viewed  as  the  criterion  for  the  onset  of  the 
monopole  instability. 

The  sign  of  /ci,i  is  given  by  the  odd  part  of  the 
impedance,  ImZ{v)  which  is  negative  for  inductive 
impedance.  As  a  result,  for  the  most  common  case  of 
positive  a  and  inductive  impedance,  A/c^i  >  0  and  the 
Haissinski  solution  is  stable. 

The  situation  is  different  for  negative  momentum  com¬ 
paction  or  in  the  case  of  capacitive  impedance.  Each  of 
these  have  been  proposed  to  get  shorter  bunches  and  as  a 
remedy  against  longitudinal  instabilities.  For  illustration, 
we  use  a  broadband  ( Q  =  1)  resonator  impedance  model 
(e.g.  [6])  with  shunt  impedance  Rs  and  resonator  fre¬ 

quency  ur.  Using  (18)-(19)  we  numerically  compute  the 
quantity  2A/ci  i  as  a  function  of  normalized  bunch  length 
a  =  uRa0/c  at  intensity  I  =  4ttARs/Z0  =  -1,  where  mi¬ 
nus  is  due  to  a  <  0.  The  result  and  the  threshold  given  by 
(20)  are  plotted  in  Fig.  2.  It  shows  that  a  bunch  is  monopole 
unstable  at  this  intensity  provided  a0  exceeds  about  1/12  of 
the  resonator  wavelength.  Note,  that  this  intensity  is  not 
too  high.  For  example,  for  a  =  3,  it  only  leads  to  about  5% 
increase  in  the  incoherent  frequency  spread  [1], 


Figure  2:  Monopole  instability  criterion  (20)  for  broad¬ 
band  resonator  impedance  for  a  <  0  and  intensity  |/|  =  1. 

6  DISCUSSION 

We  have  investigated  single  bunch  stability  with  respect  to 
longitudinal  monopole  oscillations.  These  oscillations  may 


become  unstable  as  a  result  of  an  imbalance  between  radia¬ 
tion  excitation  and  damping.  Since  this  effect  falls  beyond 
the  scope  of  the  linearized  Vlasov  approach,  we  employed 
a  different  method  that  has  not  been  used  for  instability 
analysis.  This  method  involves  the  transformation  of  the 
phase-averaged  Fokker-Planck  equation  to  a  Schrodinger- 
like  equation  which  is  analyzed  by  perturbation  analysis. 

Utilizing  this  technique  we  have  obtained  a  criterion, 
(20)  for  the  onset  of  monopole  instability.  We  have  found 
that  this  instability  does  not  appear  in  the  most  common 
case  of  storage  ring  operation  with  positive  momentum 
compaction  when  the  impedance  is  largely  inductive.  How¬ 
ever,  for  a  <  0  bunches  may  become  monopole  unstable  at 
modest  intensity.  We  expect  a  similar  behavior  for  the  case 
of  predominantly  capacitive  impedance  and  a  >  0. 

The  monopole  instability  could  be  one  of  the  factors  pre¬ 
venting  high  current  operation  of  storage  rings  with  nega¬ 
tive  momentum  compaction.  Many  attempts  of  such  oper¬ 
ation  have  been  tried  (e.g.  [7],  [8])  mainly  to  shorten  a 
bunch  and  to  avoid  the  microwave  instability  [6],  Usually 
only  the  static  bunch  shape  and  the  energy  spread  measure¬ 
ments  are  reported  and  it  is  hard  to  infer  what  particular  ef¬ 
fect  was  the  limitation.  However,  in  some  cases,  it  appears 
that  there  is  something  other  than  the  microwave  instability, 
because  the  threshold  increase  predicted  [9]  for  this  insta¬ 
bility  is  not  observed.  An  evidence  of  monopole  instability 
might  include  growth  of  the  longitudinal  beam  size,  in  the 
absence  of  synchrotron  sidebands  to  the  rotation  harmonics 
of  a  beam  position  monitor  signal. 

We  hope  that  the  technique  described  in  this  paper  can  be 
applied  to  other  problems  in  accelerator  physics  that  lead  to 
the  one  dimensional  Fokker-Planck  equation. 
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HIGH  ENERGY  BEAM-BEAM  EFFECTS  IN  CLIC 

D.  Schulte,  CERN,  1211  Geneva  23,  Switzerland 


Abstract 

In  order  to  achieve  high  luminosity,  the  Compact  Lin¬ 
ear  Collider  (CLIC)  has  to  be  operated  in  the  high- 
beamstrahlung  regime  at  centre-of-mass  energies  in  the  few 
TeV  range.  Beam-beam  effects  for  this  case  are  simulated. 
The  dependence  of  luminosity,  luminosity  spectrum  and 
background  conditions  on  the  different  beam  parameters 
is  investigated.  In  particular  the  effect  of  beam  size,  waist 
shift  and  offsets  are  considered;  as  well  as  the  background 
due  to  beamstrahlung  and  secondary  electro-magnetic  and 
hadronic  processes. 

1  INTRODUCTION 

The  beams  in  future  linear  colliders  must  have  very  small 
transverse  dimensions  at  the  interaction  point.  This  leads 
to  strong  transverse  electro-magnetic  beam  fields.  In  the 
case  of  electron  positron  collision,  the  field  of  each  beam 
focuses  the  other  beam.  Therefore  the  luminosity  is  en¬ 
hanced.  The  bending  of  the  trajectories  causes  the  beam 
particles  to  emit  photons,  the  beamstrahlung.  This  effect 
is  comparable  to  synchrotron  radiation  and  is  described  by 
the  beamstrahlung  parameter  T  =  2/3  •  Ec/E,  where  Ec  is 
the  average  critical  energy  of  the  emitted  photon  spectrum 
and  E  is  the  beam  energy.  The  CLIC  parameters  for  differ¬ 
ent  centre-of-mass  energies  are  shown  in  Table  1.  The  main 
focus  of  the  paper  is  on  the  version  with  a  centre-of-mass 
energy  Ecm ,0  =  3  TeV.  The  designs  with  Ecm$  <  1  TeV 
have  T<C  1,  while  for  higher  energies  Y  1  is  used  in 
order  to  achieve  the  required  luminosity.  As  a  result,  the  av¬ 
erage  energy  loss  S  of  a  beam  particle  due  to  beamstrahlung 
varies  from  a  small  correction  (3.6  %  at  Ecm, o  =  0.5  TeV) 
to  a  strong  effect  (42  %  at  Ecmfi  =  5  TeV). 

With  large  T  the  background  due  to  the  coherent  pair 
production  process  is  also  drastically  increased.  The  addi¬ 
tional  charge  due  to  this  process  starts  to  affect  the  beam- 
beam  interaction  itself.  This  process  has  therefore  been  im¬ 
plemented  into  the  program  GuiNEA-PlG  [4], 

2  COHERENT  PAIRS 

In  a  strong  external  field  a  photon  can  turn  into  an  electron- 
positron  pair  [1],  This  coherent  pair  creation  is  strongly 
suppressed  for  small  values  n 

huj  B  hu  v 
m?Ie  =  ~e t 


where  fiuj  is  the  photon  energy,  m  the  electron  mass,  B  the 
magnetic  field  and  Bc  =  m2c2/(eh).  The  coherent  pair 
production  is  thus  small  if  T  <C  1  as  it  is  the  case  for  the 
colliders  at  centre-of-mass  energies  of  1  TeV  or  below.  The 
number  of  coherent  pairs  is  given  in  Table  1 .  It  is  negligible 
at  Ecm  —  0.5  TeV.  At  Ecm  =  1  TeV  it  is  a  possible  source 
of  background,  while  at  centre-of-mass  energies  of  Ecm  > 
3  TeV  it  plays  a  very  important  role,  since  Y  »  1. 

The  number  of  particles  is,  in  the  latter  case,  not  only 
important  as  a  background  but  is  not  negligible  even  com¬ 
pared  to  the  number  of  beam  particles.  The  simulation  code 
had  thus  to  be  modified  to  also  include  the  contribution  of 
these  particles  to  the  beam  fields. 

Since  the  two  particles  in  the  pair  have  opposite  charge 
and  fly  in  the  same  direction  their  electro-magnetic  fields 
neutralise  immediately  after  production.  If  the  particles 
move  in  .  the  direction  of  the  electron  beam  they  will  not 
experience  a  significant  force  from  the  electron  beam  since 
the  electric  and  magnetic  forces  cancel.  The  electron  is 
however  focused  by  the  oncoming  positron  beam  while  the 
positron  is  deflected  to  the  outside.  The  different  charges 
will  thus  separate.  The  equivalent  is  true  for  a  pair  mov¬ 
ing  in  the  direction  of  the  positron  beam.  Effectively  the 
charges  of  the  bunch  centres  are  thus  increased. 

The  effect  on  the  other  background  sources  is  not 
straightforward.  While  the  total  luminosity  and  number  of 
photons  is  increased  the  number  of  high-energy  photons  is 
decreased  since  these  have  a  larger  probability  of  turning 
into  pairs. 

3  RESULTS 

The  luminosity  spectra  for  the  different  parameters  in  Ta¬ 
ble  1  are  shown  in  Fig.  1 .  As  expected  the  higher  relative 
energy  loss  at  higher  centre-of-mass  energies  leads  to  more 
degraded  spectra,  but  even  at  Ecm  =  5  TeV  the  fraction  of 
the  luminosity  with  Ecm  >  0.99Ecmfi  remains  significant. 

The  spectrum  of  produced  coherent  pair  particles  is 
shown  in  Fig.  2  and  their  angular  distribution  after  the  col¬ 
lision  in  Fig.  3.  The  particles  are  concentrated  in  small 
angles,  so  they  would  enter  a  mask  that  covers  the  fi¬ 
nal  quadrupoles  at  the  two  ends  of  the  detector.  How¬ 
ever,  if  they  hit  material  inside  these  masks — like  the  final 
quadrupoles — they  would  produce  secondaries,  especially 
photons  and  neutrons  that  could  penetrate  the  mask.  Due 
to  the  enormous  flux  of  particles  this  could  lead  to  unac¬ 
ceptable  background.  It  is  therefore  necessary  to  have  an 
exit  hole  of  about  lOmrad  so  that  the  particles  can  leave 
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Table  1 :  The  beam  parameters  of  CLIC  at  different  centre-of-mass  energies.  All  background  numbers  are  per  bunch 
crossing.  The  values  for  Ecm  >  3  TeV  differ  from  previous  ones  in  [4]  due  to  the  inclusion  of  coherent  pair  production. 


centre-of-mass  energy 

Ecm 

[TeV] 

0.5 

1 

3 

5 

repetition  frequency 

frep 

[Hz] 

200 

100 

75 

50 

bunches  per  train 

Nb 

150 

150 

150 

150 

particles  per  bunch 

N 

[109] 

4 

4 

4 

4 

emittances 

Itx/lty 

[Mm] 

1.88/0.1 

1.48/0.07 

0.6/0.01 

0.58/0.01 

transverse  beam  sizes 

^x/^y 

M 

196/4.52 

123/2.7 

40.4/0.58 

26.7/0.45 

bunch  length 

Oz 

[Mm] 

50 

50 

30 

25 

beamstrahlung  parameter 

T 

0.18 

0.56 

8.7 

26.4 

luminosity(wo/w  coh.  pairs) 

mm 

iSSSraSffiBggBH 

6.3 

13.6 

133/146 

186/246 

lurninosity(.Ecm  >  0.99Ecm,o) 

4.5 

5.1 

40 

44.5 

average  energy  loss 

HqH 

[%] 

3.6 

9.2 

32 

42 

photons  prod,  per  beam  particle 

0.8 

1.1 

2.5 

4.4 

coherent  pairs 

N coh 

3.4 

MtBDlSI 

OH 

iPianiai 

pairp.  ( 9  >  0.15, px  >  20MeV/c) 

Nx 

2.9 

8.0 

135 

314 

hadronic  events  (Ecm  >  5  GeV) 

Nh 

0.022 

7.8 

24 

minijet  pairs  (p±  >  10  GeV/c) 

Nmj 

2.3  10-5 

Figure  1 :  Normalised  luminosity  spectra  for  the  different 
centre-of-mass  energies. 


Figure  2:  Spectrum  of  the  produced  coherent  pairs  (sum  for 
both  beams). 

the  detector. 

4  INCOHERENT  PAIR  BACKGROUND 

Electron  positron  pairs  can  also  be  produced  via  inco¬ 
herent  processes.  The  main  contributions  are  the  Breit- 
Wheeler  process  77  — >  e+e_,  the  Bethe-Heitler  pro- 


Figure  3:  Total  energy  of  the  coherent  pair  particles  of  one 
beam  with  an  angle  of  more  then  90. 


r[mm] 

Figure  4:  Number  of  particles  that  hit  a  vertex  detector  for 
different  radii  and  magnetic  fields.  The  angular  coverage 
was  kept  constant  at  cos  6  —  0.98. 

cess  e7  — ♦  e  4-  e+e_  and  the  Landau-Lifshitz  process 
ee  — ►  ee  +  e+e~.  The  photons  are  the  ones  from  the 
beamstrahlung.  The  last  two  processes  can  be  calculated 
replacing  the  beam  particle  e*  with  an  equivalent  spectrum 
of  virtual  photons  which  are  treated  as  being  real. 
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The  energy  of  the  resulting  pair  particles  is  lower  than 
those  from  the  coherent  process.  While  they  are  deflected 
the  same  way  by  the  beam  fields,  they  can  have  large  initial 
angles.  Therefore  they  can  hit  a  vertex  detector  and  com¬ 
plicate  the  reconstruction  of  the  trajectories  from  physics 
events.  Figure  4  shows  the  number  of  particles  that  hit  the 
inner  layer  of  a  vertex  detector  with  an  opening  angle  of 
200  mrad.  Since  the  crossing  angle  is  not  optimised  its 
small  effect  on  the  necessary  radius  is  ignored. 

5  HADRONIC  BACKGROUND 

Two  photon  collisions  can  also  result  in  the  production  of 
hadrons.  Except  for  the  direct  process  77  — >  qq,  also  the 
one  once  resolved  and  twice  resolved  processes  are  possi¬ 
ble.  In  these  one  or  both  of  the  photons  interact  as  hadrons. 
The  ansatz  for  the  total  cross  section  follows  reference  [3] 


Here,  cr2  =  215  nb  is  expected  and  a2  =  297  nb  the  most 
pessimistic  value,  which  is  normally  used  for  the  calcula¬ 
tion  of  the  number  of  hadronic  events  comparing  different 
colliders  [4].  The  calculated  number  of  events  per  bunch 
crossing  for  the  3  TeV  design  is  7.8. 

An  estimate  of  the  hard  transverse  hadronic  background 
can  be  found  by  calculating  the  number  of  minijet  pairs 
with  a  transverse  momentum  p±  >  10  GeV /c.  For  the 
reference  design  0.13  events  per  bunch  crossing  are  found, 
see  Table  1. 

6  VARIATION  OF  THE  BEAM 
PARAMETERS 

Without  disruption,  the  optimal  positions  of  the  waists  of 
the  beam  lay  in  the  symmetry  plane  of  the  collision  z  = 
0.  With  strong  disruption,  it  is  advantageous  to  have  the 
vertical  waists  of  the  two  beams  before  this  plane  [2].  In 
the  case  of  CLIC  this  effect  is  visible,  but  the  difference  in 
luminosity  is  very  small. 

Changing  the  horizontal  spot  size  has  a  significant  im¬ 
pact  on  the  average  energy  loss  of  the  beam  particles  during 
collision.  Figure  6  shows  the  luminosities  with  a  centre- 
of-mass  energy  larger  than  a  fraction  /  =  0, 0.95, 0.99  of 
the  nominal  one.  While  the  luminosity  in  the  high-energy 
peak  of  the  spectrums  depends  weakly  on  the  horizontal 
spot  size,  the  total  luminosity  does  so  very  strongly.  At 
small  ax  also  the  number  of  coherent  pairs  increases  dras¬ 
tically,  their  contribution  to  the  total  luminosity  becomes 
significant.  Depending  on  the  requirements  of  the  experi¬ 
ments,  total  luminosity  can  be  traded  against  sharpness  of 
the  luminosity  spectrum. 

7  CONCLUSION 

At  high  centre-of-mass  energies,  CLIC  can  achieve  high 
luminosity  with  a  spectrum  that  is  still  reasonably  peaked 


0  0.2  0.4  0.6  0.8  1  1.2  1.4  1.6  1.8 

Me 

Figure  5:  Relative  luminosity  for  different  offset  nor¬ 
malised  to  the  beam  size.  The  curves  correspond  to  total 
luminosity,  luminosity  of  collision  with  Ecm  >  0.95JScmio 
and  ECXTl  )>  0.99_Ecm,o* 


ax/ax,0 


Figure  6:  Luminosity  for  different  horizontal  spot  sizes. 
The  curves  correspond  to  total  luminosity,  luminosity  of 
collision  with  Ecm  >  0.95JE,Cm,o  and  Ecm  >  0.99£,cm,o- 
For  comparison  the  variation  of  the  geometric  luminosity 
is  also  shown. 

at  nominal  energy.  In  contrast  to  lower  energy  machines, 
the  coherent  pair  production  plays  an  important  role  and 
not  only  as  a  background  source.  It  also  begins  to  af¬ 
fect  the  dynamics  of  the  beam-beam  interaction  itself.  An 
analysis  of  the  impact  the  calculated  electro-magnetic  and 
hadronic  background  have  on  the  detector  components  and 
on  physics  experiments  remains  to  be  done. 
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1.  INTRODUCTION 

One  of  the  principal  limitations  to  the  luminosity 
lifetime  in  high  energy  heavy  ion  colliders  is  the  loss  of 
beam  particles  due  to  the  large  cross  section  for  beam- 
beam  interactions.  At  very  high  energies  there  are 
essentially  three  processes  that  contribute  to  the  losses: 
Electron  capture,  electromagnetic  dissociation  and 
hadronic  processes. 

The  electron  capture  proceeds  through  several  different 
mechanisms.  In  Radiative  Electron  Capture  (REC)  the  ion 
picks  up  a  target  electron  and  simultaneously  emits  a 
photon.  The  capture  can  also  be  non-radiative  (NRC) 
when  an  electron  bound  to  an  atom  is  picked  up.  However 
at  very  high  energies  a  third  mechanism  is  dominant. 
Electron-positron  pairs  are  created  in  the  strong 
electromagnetic  pulse  produced  when  the  ion  passes  near 
the  target  nucleus  and  with  a  certain  probability  the 
electron  can  be  captured  (ECPP;  Electron  Capture  via  Pair 
Production).  This  later  process,  contrary  to  the  two  others, 
does  not  require  an  electron  in  the  initial  state,  and  thus 
the  reaction  can  take  place  between  two  initially  bare  ions. 
This  fact,  together  with  the  large  cross  section,  which 
increases  with  energy,  makes  ECPP  a  potential  limiting 
factor  for  high  energy  heavy  ion  colliders. 

The  strong  electromagnetic  field  between  the  ions  is  also 
the  origin  of  a  possible  nuclear  dissociation  of  one  or  both 
of  the  ions  in  the  interaction.  The  electromagnetic 
dissociation  proceeds  via  photon  excitation  of  the  nucleus 
followed  by  decay  through  particle  emission.  These 
electromagnetic  processes  dominate  at  large  impact 
parameters  of  the  collisions.  However  contributions  from 
hadronic  interactions  in  more  central  collisions  are  not 
negligible  even  for  very  relativistic  energies. 

In  this  paper  we  report  measurements  on  the  total  cross 
section  for  electron  capture  and  measurements  of  the  sum 
the  total  nuclear  loss  cross  section  through 
electromagnetic  dissociation  and  hadronic  interactions. 

The  experiment  was  performed  at  the  CERN  Super 
Proton  Synchrotron  (SPS)  with  completely  stripped  Pb 
ions  at  33  TeV  (158  GeV/A).  These  measurements  were 
mainly  motivated  by  their  theoretical  importance  as  a  test 
ground  of  QED  under  nonperturbative  conditions. 
However,  using  the  data  and  extrapolating  to  the  energies 
of  the  RHIC  and  LHC  colliders,  limits  on  the  beam 
lifetimes  can  also  be  estimated.  Similar  estimates  have 


been  done  previously  [1,2, 3, 4],  though  our  limits  are 
based  upon  the  first  measurements  made  in  an  energy 
regime  where  the  simple  reliable  scaling  laws  should  be 
valid  [5]. 

2.  DESCRIPTION  OF  THE  EXPERIMENT 

The  SPS  external  beam  lines  are  used  to  transport  the 
33  TeV  Pb  +  beam  from  the  extraction  points,  via 
magnetic  beam  splitters,  to  a  number  of  different 
experiments  located  between  500  m  and  1  km  away.  The 
beam  lines  are  comprised  of  a  large  number  of  bending 
magnets  and  quadrupoles.  In  our  application  we  used  the 
whole  system  of  magnetic  elements  of  one  of  the  beam 
lines  as  a  spectrometer  for  charge  and  mass  selection. 

The  first  set  of  main  bends  of  the  beam  line  are  used  to 

82+ 

clean  up  the  Pb  beam.  There  are  contaminations  of 

82+ 

different  species  in  the  Pb  beam  on  the  level  of 

permille.  The  source  of  this  contamination  is  mainly 

interaction  in  the  steel  of  the  beam  splitters  and  in  the 

material  of  the  beam  monitors.  Using  the  first  part  of  the 

beam  line  the  contaminant  species  are  identified  and 

eliminated  with  a  collimator  located  at  a  position  of 

82+ 

maximum  dispersion.  Thus  a  pure  Pb  beam  impinges  on 
the  target  located  in  the  middle  of  the  transfer  tunnel. 

The  second  part  of  the  beam  line  was  used  to  analyse  the 
different  masses  and  charge  states  exiting  the  target.  This 
was  done  by  scanning  a  collimator  slit  across  the  beam 
phase  space  at  a  point  which  had  a  large  momentum 
dispersion  with  a  horizontal  and  vertical  focus.  The 
transmitted  ions  were  counted  in  a  Cerenkov  counter  at 
the  end  of  the  beam  line.  The  momentum  resolution  of  the 

-4 

system  was  ~  7x10  and  the  different  species  could  easily 
be  separated  and  identified. 

3.  RESULTS 

a)  Electron  capture 

The  cross  section  for  electron  loss  is  known  to  be  several 
orders  of  magnitude  bigger  than  the  electron  capture  cross 
section.  To  separate  the  two  cross  sections  it  is  necessary 
to  measure  the  yield  of  Pb  +  ions  as  a  function  of  different 
thicknesses  for  each  target  type.  Beyond  a  certain  target 
thickness,  equilibrium  between  the  number  of  Pb  and 
Pb  ions  will  be  established.  It  is  important  to  choose  the 
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81+ 

thicknesses  of  the  target  such  that  the  Pb  growth  curve 
is  sampled  below  the  equilibrium.  Figure  1  gives  an 
example  of  the  measured  fraction  of  Pb  +  ions  versus 
thickness  for  Au  targets. 

PB  82+  Au  capture 


81+ 

Figure  1 :  Fraction  of  Pb  ions  for  different  thicknesses  of 
Au  targets. 

The  data  of  Figure  1  can  be  used  to  determine  both  the 
capture  cross  section  (oc)  and  the  cross  section  for 
electron  loss  (Cj)  by  fitting  the  data  using  a  two-state 
model  [6]: 

Table  1  :Capture  (ac)  and  electron  loss  (a,)  cross  sections. 


gcrrois  derived  from  a  (see  text). 


Target 

,z 

- - - s 

a,  (kbarn) 

a,  (barn) 

^ECPP 

(barn) 

Be 

4 

0.15 

0.23 

0.18 

C 

6 

0.31 

0.44 

0.36 

A1 

14 

1.4 

1.6 

1.5 

Ar 

18 

2.0 

2.9 

2.6 

Cu 

29 

8.0 

7.2 

6.8 

Kr 

36 

7.4 

10.1 

9.6 

Sn 

50 

21 

19.2 

18 

Xe 

54 

16 

20.7 

20 

Au 

79 

53 

44.3 

43 

As  mentioned  in  the  introduction  three  different  reaction 
mechanisms  contribute  to  the  total  capture  cross  section. 
Each  of  the  processes  has  a  different  scaling  behaviour 
relative  to  the  target  atomic  number  (Z,.)  and  the 
relativistic  Lorentz  factor  of  the  incoming  ion  (y).  The 
radiative  capture  scales  as  Zj  /y  and  the  non-radiative 
capture  has  a  Zj  /y  scaling.  On  the  other  hand,  the  capture 
from  pair  production  scales  as  Zj.  In  y  [5]  which  makes 
this  process  dominate  at  high  enough  energies.  In  order  to 
separate  the  ECPP  contribution,  which  is  the  only  one 
relevant  for  estimation  of  lifetimes  in  colliders,  the 
calculated  REC  and  NRC  contributions  [7]  have  been 
subtracted  from  the  measured  total  capture  cross  section. 
The  ECPP  cross  sections  obtained  in  this  way  are 
indicated  in  Table  1  and  plotted  in  figure  2.  A  dependence 
close  to  Zj.  is  clearly  seen. 


Figure  2:  The  measured  gecpp  cross  sections  as  a  function 
ofZ2T. 

b)  Electromagnetic  dissociation 

In  this  case  the  full  beam  line  optics  and  the  slits  were 

82+ 

tuned  for  Pb  ions  and  the  total  cross  section  was 
determined  from  the  measured  attenuation  in  the  target. 
The  attenuation  was  obtained  by  integrating  the 
transmitted  beam  intensities  for  a  number  of  targets  with 
different  thicknesses 

The  total  experimental  cross  sections  obtained  for  the 
five  targets  are  shown  in  Table  2. 

The  hadronic  cross  section  and  the  electromagnetic  cross 
section  have  very  different  energy  and  Z  behaviours. 
Thus,  it  is  necessary  to  separate  the  two  contributions  in 
order  to  be  able  to  make  an  extrapolation  to  higher 
energies  and  other  species.  This  has  been  done  by  a 
theoretical  estimate  of  the  hadronic  contribution  [8].  The 
calculated  values  of  oh  for  the  different  targets  are  listed 
in  Table  2.  The  table  also  lists  a  small  contribution  to  the 
electromagnetic  dissociation  cross  section  from  bound 
electrons  in  the  target  [8].  This  contribution  has  to  be 
subtracted  as  it  will  not  be  present  in  a  collider.  The  last 
column  of  Table  2  lists  the  electromagnetic  dissociation 
cross  section  from  ion-ion  interaction  as  obtained  from 
our  measurement,  subtracting  the  hadronic  and  the  small 
electron  contribution. 


Table  2:  Measured  total  loss  cross  sections  (a  ). 

.  -  - - - - 1 - - - - - 1 _ meas7... 


Target 

Z 

(barn) 

(barn) 

a, 

(barn) 

a-* 

(barn) 

C 

6 

4.5 

3.4 

0.051 

1.05 

Al 

14 

7.4 

4.3 

0.13 

2.97 

Cu 

29 

15.2 

5.5 

0.28 

9.43 

Sn 

50 

31.0 

6.6 

0.48 

23.9 

Pb 

82 

64.0 

7.9 

0.78 

55.3 

4.  CONSEQUENCES  FOR  LHC  AND  RHIC 

The  luminosity  lifetime  of  high  energy  heavy  ion 
collider  is  determined  by  the  blow  up  of  the  beams  due  to 
the  intra-beam  scattering  and  the  losses  in  the 
interaction(s)  points  due  to  beam-beam  interactions.  The 
intra-beam  scattering  is  machine  dependent  while  the 
losses  due  to  interactions  exclusively  depend  on  the 
underlying  physics  processes.  Here  we  will  only  consider 
the  ultimate  machine  independent  limit  set  by  the  physics 
processes. 
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To  estimate  the  effect  we  have  to  extrapolate  the 
relevant  cross  sections  from  SPS  energies  to  RHIC  and 
LHC  energies.  The  Lorentz  factor  must  be  taken  in  a 
system  where  one  of  the  nuclei  is  at  rest  and  we  get 

y  =2 %0\i  - 1  d) 

The  effective  Lorentz  factor  y  at  RHIC  and  LHC  with 
lOOGeV/u  and  2.76  GeV/u,  respectively,  becomes 

YRHic  =  2.3  104  and  yLHC  =  1.7  107.  This  should  be 
compared  to  y  =  168  at  the  SPS. 

The  electron  capture  from  pair  production  cross  section 

has  been  shown  to  scale  as  A  In  y  +  B  [5]  where  A  and  B 

are  independent  of  y  at  y  =  -  100.  Including  both 

perturbative  and  nonperturbative  contributions,  B  is 

estimated  to  be  -24  bam  [9],  Applying  this  scaling  to  our 

82  + 

measured  cross  section  of  Pb  on  Au  from  Table  1  and 
making  a  small  correction  for  the  Z-dependence  going  to  a 

RHIC 

symmetric  Au  or  Pb  system  we  obtain  c  re  =  94  barn 

LHC  1 

and  <rcap[ure  =  204  bam,  respectively.  For  the  target  we 
applied  a  Z,2  scaling  and  a  Zp5  behaviour  was  assumed  for 
the  projectile. 

The  scaling  of  the  electromagnetic  dissociation  cross 
section  is  somewhat  less  straightforward.  The  strong 
electromagnetic  field  is  simulated  by  an  equivalent  photon 
spectrum  and  the  cross  section  is  essentially  determined 
by  this  spectrum  folded  with  the  photo-nucleon 
dissociation  cross  section.  The  calculation  has  to  be  done 
integrating  over  all  photon  energies.  The  energy 
dependence  is  slightly  different  depending  on  what  part  of 
the  photon  spectrum  is  considered  [10].  The  dominant 
contribution  comes  from  the  giant  dipole  resonance  in  the 
energy  region  up  to  40  Mev  and  this  part  has  a  simple  In  y 
scaling  [10].  At  SPS  energies  this  part  constitutes  85  %  of 
the  total  electromagnetic  dissociation  cross  section  [8]. 
Thus  we  have  taken  85  %  of  our  measured  cross  section 
from  Table  2  and  scaled  it  to  higher  energies.  For  the 
remaining  15  %  we  rely  upon  the  calculation  in  Ref.  [11] 
and  adding  this  contribution  we  get  adjsRHIC  =123  barn  and 
<rdisLHC=  225  bam. 

The  energy  dependence  of  the  hadronic  cross  section  is 
taken  from  a  dispersion  relation  calculation  based  on 
measurements  of  atot  and  of  the  parameter  p  (ratio  of  real 
to  imaginary  part  of  the  forward  amplitude)  for  proton- 
proton  interactions  [12].  This  calculation  predicts  an 
increase  of  the  cross  section  by  a  factor  1 .2  for  RHIC  and 
2.4  for  LHC  relative  to  SPS  energies.  Assuming  the  same 
energy  dependence  for  Au  or  Pb  interactions  we  get 
Chad  =  9.5  bam  and  0had  =  1 9  bam. 

Adding  the  three  cross  sections  together,  we  get 
oi(,tRH,C  =  227  bam  and  0to,LHC  =  448  bam.  It  should  be 
pointed  out  that  these  cross  sections  are  somewhat  larger 
than  what  was  originally  used  for  RHIC  and  LHC 
estimates. 


The  beam  loss  due  to  beam-beam  interaction  is 
proportional  to  atol,  the  instantaneous  luminosity  and  the 
number  of  interaction  points  n.  With  N  being  the  number 
of  ions  in  the  beam  we  have: 

dN/dt  =  -  L(t)  atol  n  (2) 

2 

Since  L  is  proportional  to  N(t)  we  get  as  solution  to  (3) 

N(t)  =  N,/(l  +  t/g,  (3) 

where  tb  is  given  by 

tb  =  N0/(L0aiotn).  (4) 

Defining  the  luminosity  lifetime  as  if  the  decay  were 
exponential  we  have 

t1/2  =  ln2/2V  (5) 

Using  the  above  formulae  and  taking  the  values  of  the 
initial  luminosity  and  number  of  ions  in  the  beam  from  the 
RHIC  and  LHC  design  reports  [1,2]  we  can  calculate  the 
luminosity  half-life  due  to  beam-beam  interactions.  We 
get  a  luminosity  half-life  of  7.3  hrs  at  RHIC  and  5.8  hrs  at 
LHC.  These  values  are  not  far  from  those  stated  in  the 
design  reports  which  were  14  hrs  and  6.7  hrs,  respectively. 
They  also  are  quite  similar  to  those  calculated  by  Baltz  et 
al.  in  Ref.  [4],  These  previous  estimates  were  based  upon 
extrapolations  from  low  energy  data  in  combination  with 
theoretical  considerations.  Our  measurement  at  SPS 
energies,  where  the  In  y  scaling  is  supposed  to  be  valid, 
basically  confirms  that  the  assumptions  made  earlier  were 
reasonable. 

ACKNOWLEDGEMENT 

Authors  (H.F.  Krause,  C.R.  Vane  and  S.  Datz) 
acknowledge  support  by  the  U.S.  Department  of  Energy, 
Office  of  Basic  Energy  Sciences,  Division  of  Chemical 
Sciences  under  contract  No:  DE-AC05-960R22464  with 
Lockheed  Martin  Energy  Research  Corporation. 
H.  Knudsen  and  U.  Mikkelsen  acknowledge  support  of  the 
Danish  Natural  Science  Research  Council.  We  also  would 
like  to  acknowledge  preparation  of  the  solid  targets  used 
in  the  electron  capture  measurements  to  the  GSI  target 
shop. 

REFERENCES 

[1]  LHC  Conceptual  Design,  CERN/AC/95-05  (1995). 

[2]  RHIC  Design  Manual,  BNL-52 1 95  ( 1 989). 

[3]  D.  Brandt  et  al.  CERN  SL/94-04(AP). 

[4]  A.J.  Baltz  et  al.  Phys.Rev.  E54,  4233  (1996). 

[5]  A.J.  Baltz  et  al.  Phys.Rev.  A44,  5569  (1991). 

[6]  H.F.  Krause  et  al.  Phys.  Rev.  Lett.  80,  1190  (1998). 

[7]  R.  Anholt  and  U.  Becker,  Phys.Rev.  A36,  4628  (1987). 

[8]  S.  Datz,  et  al.  Phys.  Rev.  Lett.  79,  3355  (1997). 

[9]  A.J.  Baltz  et  al.  Phys.  Rev.  A50, 4842  (1994). 

[10]  G.  Baur,  C.A.  Bertulani,  Nucl.  Phys.  A505  835  (1989). 

[11]  M.  Vidovic  et  al.  Phys.  Rev.  C48, 201 1  (1993). 

[12]  C.  Augier  et  al.,  Phys.  Lett.  B316  (1993)  448. 

#Email:  per.grafstrom@cem.ch 


1673 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


STUDIES  OF  THE  BEAM-BEAM  INTERACTION  FOR  THE  LHC# 

S.  Krishnagopal*,  Centre  for  Advanced  Technology,  Indore,  INDIA 
M.  A.  Furman  and  W.  C.  Turner,  LBNL,  Berkeley,  CA,  USA 


Abstract 

We  have  used  the  beam-beam  simulation  code  CBI  to 
study  the  beam-beam  interaction  for  the  LHC.  We  find 
that  for  nominal  LHC  parameters,  and  assuming  only  one 
bunch  per  beam,  there  are  no  collective  (coherent)  beam- 
beam  instabilities.  We  have  investigated  the  effect  of 
sweeping  one  of  the  beams  around  the  other  (a  procedure 
that  could  be  used  as  a  diagnostic  for  head-on  beam-beam 
collisions).  We  find  that  this  does  not  cause  any  problems 
at  the  nominal  current,  though  at  higher  currents  there  can 
be  beam  blow-up  and  collective  beam  motion. 

1  THE  CODE  CBI 

The  code  CBI  (for  Collective  Beam-beam  Interactions)  is  a 
self-consistent  code  that  models  the  transverse  beam-beam 
dynamics  of  beams  of  arbitrary  distribution  and  ellipticity. 
It  is  a  Particle-in-Cell  (PIC)  code  that  calculates  the  beam- 
beam  force  on  a  two-dimensional  (transverse)  Cartesian 
grid.  The  code  is  evolving  and  presently  has  the  following 
features: 

(a)  there  is  only  one  bunch  per  beam  and  there  is  only  one 
collision  point; 

(b)  the  beams  are  ultra-relativistic; 

(c)  longitudinal  dynamics  is  not  modeled; 

(d)  arc  transport  is  linear; 

(e)  radiation  damping  and  fluctuations  are  put  in  once  a 
turn  and  at  one  point  in  the  ring; 

(f)  there  is  no  crossing  angle; 

(g)  transverse  dimensions  and  distributions  of  the  beams 
can  be  completely  arbitrary. 

Details  of  the  code  can  be  found  in  Refs.  1  and  2. 

The  code,  as  described  above,  is  a  strong-strong  beam- 
beam  code  that  is  best  suited  for  studying  collective  beam- 
beam  effects  in  storage-ring  e+e”  colliders,  particularly 
quadrupole  effects  (that  affect  the  beam  sizes).  To  our 
knowledge,  quadrupole  collective  effects  have  never  been 
studied  for  hadron  colliders,  and  it  seemed  interesting  and 
relevant  to  undertake  this  study  for  the  Large  Hadron 
Collider  (LHC).  In  particular,  in  light  of  a  proposal  for 
sweeping  one  beam  around  the  other  as  a  diagnostic  for 
head-on  collisions  [3],  it  seems  relevant  to  look  at 
possible  beam-size  blow-up  and  distortion  as  a 
consequence  of  quadrupole  collective  effects. 


2  RESULTS 

2.1  Nominal  LHC  Parameters 

LHC  parameters  used  in  the  simulations  are  given  below 
in  Table  1. 


Table  1:  Parameters  for  the  LHC  simulations. 


Parameter 

Value 

Energy  (TeV) 

7.0 

Revolution  period  (|is) 

88.9 

Emittance  (nm-rad) 

0.5 

Beta  function  (m) 

0.5 

Tunes  (H,  V) 

(0.28,  0.31) 

Nominal  bunch  current  (mA) 

0.2 

Number  of  bunches 

1 

As  can  be  seen  from  Table  1,  the  simulations  use  the 
nominal  LHC  parameters  [4],  except  for  the  fact  that  we 
assume  one  bunch  per  beam,  and  therefore  do  not  model 
parasitic  beam-beam  collisions.  This  is  a  feature  we  hope 
to  incorporate  into  the  code  in  the  future. 

We  first  ran  our  simulation  for  nominal  LHC 
parameters,  with  the  nominal  bunch  current  of  0.2  mA, 
and  with  an  idealized  feedback  system  that  takes  out  all 
collective  dipole  effects  (centroid  motion).  For  reasons  of 
computer  time,  the  simulations  were  run  for  only  90,000 
turns.  Figure  la  shows  the  rms  beam  sizes  for  the  last 
20,000  turns  of  the  simulation:  it  is  clear  that  for  nominal 
LHC  parameters  there  are  no  collective  quadrupole  effects 
that  could  affect  the  performance.  Beam  sizes  are  pretty 
much  equal  to  their  nominal  value,  and  there  is  no  sizable 
beam  blow-up.  When  the  current  is  increased  to  1  mA 
(Fig.  lb)  there  is  some  beam  blow-up,  but  all  beam  sizes 
are  the  same,  and  there  is  no  indication  of  collective 
behavior. 
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Figure  1:  For  nominal  LHC  parameters,  plot  of  beam  Figure  2:  Beam  size  as  a  function  of  turn  number  for 
sizes  as  a  function  of  turn  number  for  the  last  20,000  beam  1  being  swept  around  beam  2  with  a  radial 

turns;  (a)  for  the  nominal  current  of  0.2  mA,  and  (b)  for  a  displacement  of  a/5;  (a)  at  I  =  0.2  mA, 

current  of  1mA.  and  (b)  at  I  =  1  mA. 


2.2  Sweeping  One  Beam  Around  The  Other 

We  next  looked  at  the  effect  of  sweeping  one  beam  around 
the  other.  We  chose  to  sweep  beam  1  around  beam  2.  In 
this  case,  after  each  turn,  as  before,  the  centroids  of  the 
two  beams  are  zeroed,  implementing  the  idealized  feedback 
system.  Then  the  centroid  of  beam  1  is  displaced  a  fixed 
radial  distance  from  the  zero  position.  Two  input 
parameters  govern  this  displacement:  the  displacement  and 
the  rotation  period  (in  number  of  turns).  The  latter  is  the 
number  of  turns  taken  to  sweep  beam  1  once  around  beam 
2. 

In  the  simulations  described  here,  we  fixed  the  rotation 
period  at  10  turns,  and  looked  at  the  effect  on  the  beam 
sizes  of  different  displacements  and  different  currents.  We 
looked  at  two  different  displacements,  a/5  and  a/10,  where 
a  is  the  nominal  size  of  the  beams  (15.8  fim).  We  looked 
at  five  different  currents,  starting  from  0.1  mA,  up  to  2 
mA.  All  simulations  were  run  for  90,000  turns,  and  with 
the  idealized  feedback  system  turned  on.  Note  that  only 
one  bunch  is  simulated  in  each  beam:  there  are  no 
parasitic  collisions. 


Figure  2  shows  the  beam-sizes  as  a  function  of  turn 
number,  for  the  last  20,000  turns,  when  the  displacement 
is  a/5.  One  can  see  that  for  the  nominal  current  of  0.2 
mA  the  beam-sizes  are  all  equal,  and  equal  to  the  nominal 
size  of  15.8  |im,  indicating  that  there  are  no  deleterious 
collective  beam-beam  effects.  At  a  current  of  1  mA, 
however,  it  is  clear  that  the  beams  are  being  blown-up, 
and  by  unequal  amounts:  in  other  words,  the  beams  are 
becoming  elliptical,  and  there  is  a  flip-flop  developing. 
This  is  a  signature  of  quadrupole  collective  beam-beam 
effects.  The  same  picture  is  seen  in  Figure  3,  for  a 
displacement  of  a/10.  Again,  at  a  current  of  0.2  mA  the 
picture  is  benign,  but  at  1  mA  a  flip-flop  has  clearly  set 
in. 

Table  2  below  gives  a  clearer  picture  of  how  the 
dynamics  evolve  with  current.  At  a  current  of  0.1  mA, 
there  is  no  discernible  blow-up  of  the  beam,  and  no 
collective  motion;  all  beam  sizes  are  equal,  and  equal  to 
the  nominal  size  of  15.8  pm.  When  the  bunch  current  is 
increased  to  the  nominal  LHC  value  of  0.2  mA,  there  is 
slight  beam  blow-up,  but  all  beam  sizes  are  still  equal, 
which  indicates  there  is  no  collective  motion.  At  a  current 
of  0.5  mA  there  are  the  first  signs  of  collective  motion. 
All  beam  sizes  are  no  longer  equal:  a  flip-flop  instability 


1675 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


has  developed.  As  the  current  is  increased  further,  the 
beam  blow-up  as  well  as  the  flip-flop  become  larger. 
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Figure  3:  Beam  size  as  a  function  of  turn  number  for 
beam  1  being  swept  around  beam  2  with  a  radial 
displacement  of  a/10;  (a)  at  I  =  0.2  mA, 
and  (b)  at  I  =  1  mA. 


Table  2:  All  beam  sizes  at  the  end  of  the  simulation  (after 
90,000  turns),  at  different  currents,  for  a  displacement  of 
a/5.  Nominal  beam  size  is  15.8  pm.  Recall  that  beam  1 
is  being  swept  around  beam  2. 


Currenl 

<7x1 

a,i 

<7x2 

Oy2 

(mA) 

(pm) 

(pm) 

(pm) 

(pm) 

0.1 

15.8 

15.8 

15.8 

15.8 

0.2 

16.2 

16.1 

16.1 

16.1 

0.5 

17.4 

17.4 

17.1 

16.9 

1.0 

20.6 

20,0 

20.4 

19.6 

2.0 

28.1 

25.4 

27.6 

25.1 

It  should  be  emphasized  that  our  simulations  do  not 
model  multiple  bunches  and  therefore  parasitic  collisions. 
These  could  have  a  significant  impact  on  collective  beam- 
beam  dynamics.  We  plan  to  extend  the  code  to  handle 
these  effects. 

In  the  simulations  reported  here  dipole  motion  is 
removed  by  modeling  an  ideal  feedback  system  in  which 
the  centroids  of  the  two  beams  are  zeroed  every  turn.  The 
consequences  of  turning  off  this  feedback,  particularly  on 
collective  dipole  motion,  need  to  be  explored.  We  plan  to 
do  this  in  the  near  future. 

In  conclusion,  we  have  studied  the  beam-beam 
interaction  at  the  LHC  using  the  code  CBI.  We  find  that 
for  nominal  LHC  parameters,  collective  quadrupole  effects 
should  not  be  an  issue.  If  one  beam  is  swept  around  the 
other,  for  diagnostic  purposes,  then  collective  issues  still 
are  unimportant  at  the  nominal  bunch  current  of  0.2  mA, 
though  they  could  become  important  at  currents  around 
and  above  twice  the  nominal  value. 

One  of  us  (SK)  would  like  to  thank  the  other  two  for  an 
invitation  to  visit  the  Lawrence  Berkeley  National 
Laboratory  during  the  summer  of  1998,  when  most  of  this 
work  was  done.  We  are  grateful  to  NERSC  for 
supercomputer  support. 
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3  DISCUSSION  AND  CONCLUSIONS 

It  is  clear  from  Figs,  (la),  (2a)  and  (3a),  that  for  nominal 
LHC  parameters,  particularly  the  nominal  bunch  current 
of  0.2  mA,  there  is  little  beam  blow-up,  and  no  collective 
motion,  whether  or  not  one  beam  is  swept  around  the 
other.  When  one  beam  is  swept  around  the  other, 
collective  effects  are  seen  from  a  bunch  current  of  around 
0.5  mA  (over  twice  the  nominal  value),  though  at  this 
current  they  are  still  small. 
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Abstract 

The  dynamic  aperture  of  the  LHC  at  collision  energy  is  lim¬ 
ited  by  the  field  errors  in  the  IR  quadruples  being  built  at 
FNAL  and  KEK.  The  300/xrad  crossing  angle,  incorporated 
in  the  design  to  reduce  the  effect  of  the  long-range  beam 
beam  interactions,  enhances  the  effect  of  the  multipoles  on 
the  dynamic  aperture.  We  have  investigated  the  possibility 
of  a  different  crossing  angle  with  a  more  accurate  modelling 
of  the  long-range  interactions.  Tune  scans  have  been  done 
to  determine  if  a  better  choice  of  the  tunes  exists. 

1  INTRODUCTION 

At  collision  energy,  nonlinear  fields  in  the  interaction  region 
(IR)  quadruples  are  the  most  important  in  determining  the 
dynamic  aperture  of  the  LHC.  The  field  quality  “seen”  by 
the  beam  while  traversing  these  quadruples  depends  on  the 
crossing  angle  of  the  beams  at  the  IP.  A  study  of  the  dy¬ 
namic  aperture,  taking  into  account  only  the  nonlinearities 
of  the  IR  quadruples  [1],  had  assumed  a  crossing  angle 
of  300/irad.  This  was  based  on  an  earlier  study  [2]  which 
had  determined  this  to  be  the  optimum  value  when  both  the 
IR  quadupole  fields  and  beam-beam  interactions  were  in¬ 
cluded. 

On  each  side  of  the  IP,  there  are  fifteen  long-range  in¬ 
teractions,  six  of  which  occur  in  the  drift  space  before  the 
first  quadrupole  while  the  remaining  nine  occur  in  the  triplet 
quadruples  or  in  the  drift  spaces  between  them.  Over  the 
drift  region  the  beams  are  round  and  the  dimensionless  sep¬ 
aration  Dsep  between  the  beams  (measured  in  units  of  the 
rms  beam  size)  stays  nearly  constant  and  equal  to  the  cross¬ 
ing  angle  measured  in  units  of  the  beam  divergence  at  the 
IP.  Once  the  beams  are  focused  by  the  triplets,  Dsep  is  no 
longer  constant.  Figure  1  shows,  for  example,  that  with  a 
crossing  angle  of  300/xrad,  the  separation  varies  between 
7.8(7  to  13.6a.  In  addition  within  the  triplets,  the  beams  are 
no  longer  round  and  the  aspect  ratio  varies  between  0.6  to 
1.9.  The  phase  advance  from  the  IP  to  the  locations  of  the 
long-range  kicks  varies  from  82°  to  89°  through  the  drift 
section  while  within  the  triplets,  it  remains  nearly  constant 
at  90°.  In  order  to  reduce  tracking  time,  earlier  studies  of 
the  impact  of  the  beam-beam  interactions  on  the  dynamic 
aperture  made  several  approximations  in  treating  the  long- 
range  interactions,  viz.  i)  the  phase  advances  between  the 
long  range  kicks  are  negligible,  ii)  the  beams  are  round  at 
all  locations  of  the  long  range  kicks,  and  iii)  the  dimension¬ 
less  beam  separation  stays  constant.  As  we  have  seen,  these 
assumptions  break  down  in  different  regions  within  the  IRs. 
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Separation  between  the  beams  at  the  parasitic  crossings 


Figure  1 :  The  separation  between  the  two  beams  at  each 
of  the  30  parasitic  crossings  in  a  high  luminosity  IR  for  to¬ 
tal  crossing  angles  of  100,  200  and  300  /trad.  The  separa¬ 
tion,  measured  in  units  of  the  rms  size  of  a  beam,  stays  con¬ 
stant  within  the  drift  section  (kicks  from  -6  to  +6)  but  varies 
within  the  triplet  quadrupoles. 


In  order  to  determine  the  optimum  crossing  angle  more  ac¬ 
curately,  we  have  not  made  any  of  these  approximations. 
Another  reason  for  a  second  look  at  this  issue  is  that  the  er¬ 
ror  harmonics  in  the  IR  quadrupoles  have  changed  signifi¬ 
cantly  since  the  last  study  was  done.  Specifically,  reduced 
measurement  errors  have  lowered  estimates  of  high  order 
harmonics  by  nearly  an  order  of  magnitude. 

Among  the  several  issues  associated  with  the  crossing 
angle  geometry  are:  reduction  in  luminosity,  orbit  offset  in 
IR  quadrupoles  which  reduces  the  physical  aperture,  dis¬ 
persion  wave  generated  by  the  orbit  offset,  increase  in  the 
strength  of  the  coupling,  change  in  the  beam-beam  tune 
spreads,  excitation  of  synchro-betatron  resonances  etc.  The 
optimal  crossing  angle  will  ultimately  be  determined  dur¬ 
ing  operations.  Our  aim  here  is  to  study  the  impact  of  the 
choice  of  crossing  angle  on  the  required  field  quality  of  the 
IR  quadrupoles  and  the  complexity  of  correction  schemes. 

2  LATTICE  DESCRIPTION 

The  version  used  is  derived  from  the  MAD  lattice  V5_l. 
The  only  lattice  nonlinearities  are  the  chromaticity  correct¬ 
ing  sextupoles  and  the  systematic  and  random  errors  of  the 
body  harmonics  of  the  triplet  quadrupoles  but  not  the  un¬ 
certainties  in  the  systematic  nor  the  errors  in  the  ends.  Two 
different  codes  TEVLAT  and  MAD  were  used  for  tracking 
to  103  turns. 

Sixteen  of  the  thirty  two  IR  quadrupoles  are  to  be  built  at 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


1677 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Normal 

Skew 

n 

[(^n)?  dbnj  <x(6n)] 

[  (^n)>  dcin,  <j(an)] 

FNAL/KEK 1 

FNAL/KEK  1 

3 

0,  .3,  .8/0,  .51,1.0 

0,  .3,  .8/0,  .51,1.0 

4 

0,  .2,  .8/0,  .29,  .57 

0,  .2,  .8/0,  .29,  .57 

5 

0,  .2,  .3/0,  .19,  .38 

0,  .2,  .3/0,  .19,  .38 

6 

0,  .6,  .6/0,  .5,  .19 

0,  .05,  .1/0,  .10,  .19 

7 

0,  .06,  .06/0,  .05,  .06 

0,  .04,  .06/0,  .05,  .06 

8 

0,  .05,  .05/0,  .02,  .03 

0,  .03,  .04/0,  .02,  .03 

9 

0,  .03,  .03/0,  .01,  .01 

0,  .02,  .02/0,  .01,  .01 

10 

0,  .03,  .03/- 1.0,  .03,  .01 

0,  .02,  .03/  0,.01,.01 

Table  1 :  Design  field  harmonics,  at  a  reference  radius  of 
17mm,  of  the  IR  quadruples  to  be  built  at  FNAL  and  KEK. 
KEK1  refers  to  the  first  version.  In  the  revised  version 
(KEK2),  |  (bio)  |  <  0.25.  Harmonics  are  expressed  in  units 
of  io-4. 

Fermilab  [3]  and  the  other  half  will  be  built  at  KEK  [4] .  The 
designs  of  the  cross-sections  of  the  quadrupoles  at  the  two 
laboratories  differ  and  so  do  the  expected  error  harmonics. 
Earlier  plans  had  called  for  the  magnets  in  one  of  the  high 
luminosity  insertions  IR5  to  be  built  at  Fermilab  while  the 
magnets  in  the  other  high  luminosity  insertion  IR1  would 
be  from  KEK.  In  part  due  to  the  non-zero  design  value  of 
{bm)  in  the  KEK  magnets,  it  is  presently  proposed  that  the 
outer  magnets  Q1  and  Q3  of  each  triplet  be  KEK  magnets 
and  the  inner  two  magnets  Q2a  and  Q2b  (where  the  beam 
size  is  large)  be  Fermilab  magnets. 

3  DYNAMIC  APERTURE 

It  is  desirable  to  keep  the  minimum  beam  separation  greater 
than  5(7  so  the  crossing  angle  must  be  greater  than  100/irad. 
We  have  calculated  the  dynamic  aperture  for  various  sce¬ 
narios  with  crossing  angles  (j>  in  the  range  100  /trad  <  </>  < 
300  /.trad. 

In  the  initial  studies,  particles  were  tracked  assuming  that 
the  error  harmonics  of  all  the  triplet  quadrupoles  were  those 
of  the  Fermilab  quadrupoles.  Subsequently  the  first,  and 
later  second,  version  of  the  KEK  error  harmonics  was  incor¬ 
porated  in  the  lattice.  Table  2  shows  the  dynamic  aperture 
calculated  for  all  these  different  cases  at  a  constant  crossing 
angle  of  300/trad  but  without  the  beam-beam  interaction. 
The  large  value  of  (&io)  =  -1  in  KEK1  leads  to  a  signifi¬ 
cant  drop  in  the  dynamic  aperture  of  about  2a.  The  reduced 
value  (&io)  =  —0.25  in  KEK2  improves  the  dynamic  aper¬ 
ture  by  about  2<r.  Mixing  the  magnets  as  described  earlier 
further  increases  the  dynamic  aperture  by  .6cr.  In  the  fol¬ 
lowing,  all  tracking  calculations  assume  the  mixed  magnets 
scenario. 

The  beam-beam  interactions  are  modelled  in  a  similar 
fashion  in  TEVLAT  and  MAD,  e.g.  each  kick  is  treated  in¬ 
dividually  with  the  proper  beam  separation  and  the  Bassetti- 
Erskine  expressions  are  used  for  kicks  from  non-round 
beams.  As  a  check,  the  tune  footprint  with  only  the  beam- 


IR  Magnet  Description 

{DA)  ±  <r<zM> 

FNAL  only 

FNAL  +  KEKl((6i0)  =-l) 
FNAL  +  KEK2((6i0)  =-0.25) 
(no  mixing ) 

FNAL  +  KEK2((6io)  =-0.25) 
(with  mixing ) 

11.2  ±  1.7 

9.0  ±  .9 

11.1  ±  1.1 

11.7  ±  1.2 

Table  2:  Dynamic  aperture  (with  TEVLAT)  with  only  sys¬ 
tematic  and  random  errors  in  the  body  of  the  IR  quadrupoles 
and  without  the  beam-beam  interaction. 

beam  interactions  at  a  crossing  angle  of  300/jrad  was  calcu¬ 
lated  with  TEVLAT  at  amplitudes  up  to  6 a  and  compared 
with  that  found  by  MAD  [6] .  The  tune  shifts  with  amplitude 
agreed  to  within  10%. 


Figure  2:  The  dynamic  aperture  (in  units  of  the  rms  beam 
size)  calculated  with  TEVLAT  at  different  aspect  ratios  in 
emittance  space  for  different  crossing  angles.  Triplet  errors 
and  the  beam-beam  interactions  are  included.  The  dynamic 
aperture  clearly  decreases  with  increasing  crossing  angle. 

Figure  2  shows  the  dynamic  aperture,  averaged  over  20 
seeds,  as  a  function  of  the  transverse  emittance  ratio  for 
three  crossing  angles.  We  observe  that  as  the  crossing  an¬ 
gle  increases  from  100  to  300  /irad,  the  dynamic  aperture 
decreases.  We  have  also  calculated  the  dynamic  aperture 
at  crossing  angles  of  150, 225  and  250  //radians.  Taken  to¬ 
gether,  our  results  show  that  the  dynamic  aperture,  even  af¬ 
ter  including  the  beam-beam  interactions,  decreases  nearly 
monotonically  at  all  emittance  ratios  as  the  crossing  angle 
increases. 

Two  different  distributions  of  20  random  seeds  were  used 
with  TEVLAT  and  MAD.  Table  3  shows  that  the  results 
from  the  two  codes,  both  without  and  with  the  beam-beam 
interaction,  are  within  1-1.5  a  of  each  other.  Some  of  these 
differences  may  be  due  to  the  different  seeds  used  and  are 
within  the  statistical  uncertainties  of  the  averages.  Both 
of  these  codes  show  clearly  that  the  dynamic  aperture  de¬ 
creases  with  increase  in  crossing  angle.  This  table  also 
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<t> 

(/trad) 

(DA)  ±  <7(1 M) 
TEVLAT 
Beam-beam 
OFF/ON 

(DA)  ±  <J(da) 

MAD 

Beam-beam 

OFF/ON 

100.0 

200.0 

300.0 

15.0  ±  0.9  /14.7±  1.1 
13.8  ±0.8/12.4  ±1.1 
11.7  ±  1.2  /11.0  ±  1.1 

13.8  ±1.1/ 13.3  ±1.0 

12.9  ±  1.2/12.7  ±1.1 
11.6  ±  1.6/12.0  ±  1.3 

Table  3:  Dynamic  aperture  without  and  with  the  beam- 
beam  interaction  calculated  with  TEVLAT  and  MAD  at  dif¬ 
ferent  crossing  angles.  The  averages  are  over  emittance 
space  and  over  20  random  seeds. 


Relative  change  in  ampitude  (log)  Reiatwe  change  in  ampstude  (log) 


Figure  3:  Normalized  histograms  of  the  relative  amplitude 
growth  (shown  on  a  log  scale)  due  to  the  resonances  2ux  + 
L>y  =  186  (left)  and  2ux  ±  2vy  =  245  (right).  The  his¬ 
tograms  represent  data  from  tracking  with  30  seeds. 


shows  that  the  effect  of  the  beam-beam  interactions  is  al¬ 
ways  small  compared  to  that  of  the  IR  quadrupole  fields. 

At  a  crossing  angle  of  300/trad,  tracking  results  have 
shown  that  higher  order  multipoles  beyond  &io,  oio  also 
have  an  impact  on  the  dynamic  aperture  [5].  We  expect  that 
the  higher  orders  will  have  a  smaller  effect  at  smaller  cross¬ 
ing  angles  due  to  the  reduced  feed-down. 

4  RESONANCES  AND  TUNE  SCANS 

Among  the  low  order  resonances  we  have  identified  two, 
the  skew  third  order  resonance  2vx  ±  vy  and  the  normal 
fourth  order  resonance  2vx  +  2vy,  as  being  driven  strongly 
by  the  IR  quadrupole  nonlinearities.  Figure  3  shows  the 
normalized  histograms,  obtained  with  30  seeds,  of  relative 
amplitude  growth  due  to  these  resonances.  For  example,  in 
more  than  85%  of  the  cases,  the  2vx  +  2vy  resonance  leads 
to  a  larger  than  104fold  amplitude  growth.  Compensating 
these  resonances  with  the  MCBX  and  MCQS  correctors 
may  improve  the  dynamic  aperture.  Since  the  beam-beam 
interactions  do  not  have  a  significant  impact  on  the  dynamic 
aperture  at  the  crossing  angles  of  interest,  any  correction 
scheme  devised  to  correct  for  the  nonlinearities  of  the  IR 
quadruples  should  be  adequate  even  when  the  beams  col¬ 


Figure  4:  Tune  scan  of  the  dynamic  aperture  with  a  constant 
tune  split,  vy  -  ux  =  0.01.  The  vertical  line  represents  the 
design  tune,  ux  =  0.31,  vy  =  0.32. 

lide. 

A  tune  scan  along  the  diagonal  in  emittance  space  and  av¬ 
eraged  over  10  seeds  is  shown  in  Figure  4.  The  tune  split  is 
kept  constant  at  vy  —  vx  =  0.01.  This  figure  suggests  there 
exist  possible  tunes  with  dynamic  apertures  larger  than  at 
the  chosen  tunes.  More  detailed  tracking  studies,  includ¬ 
ing  tracking  for  off-momentum  particles  undergoing  syn¬ 
chrotron  oscillations,  will  be  required  to  confirm  the  prelim¬ 
inary  results  shown  here. 

5  CONCLUSIONS 

Our  results  suggest  that  the  target  dynamic  aperture  of  12<r 
can  be  achieved  with  a  200/trad  crossing  angle,  use  of  non¬ 
linear  correctors  and  the  present  design  harmonics  of  the 
IR  quadrupoles.  It  is  currently  expected  that  tuning  shims 
will  not  be  included  in  the  final  cross  section  design  given 
the  continuing  improvement  in  field  quality  seen  in  the  first 
model  magnets  [7],  At  200/irad,  the  shims  are  even  less  of  a 
requirement  and  also  the  nonlinear  correctors  strengths  are 
reduced.  Our  tune  scans  suggest  that  the  dynamic  aperture 
may  be  improved  by  a  different  choice  of  working  point. 

Thanks  to  J.  Gareyte,  H.  Grote,  J.  Kerby,  J.R  Koutchouk, 
M.  Lamm,  S.  Peggs,  R.  Ostojic,  F.  Ruggiero,  J.  Strait,  J.  Wei 
and  A.  Zlobin. 
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REALISTIC  PREDICTION  OF  DYNAMIC  APERTURE 
AND  OPTICS  PERFORMANCE  FOR  LEP 
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Abstract 

Over  the  two-decade  lifetime  of  the  LEP  project,  tech¬ 
niques  for  evaluating  the  quality  of  optical  configurations 
have  evolved  considerably  to  exploit  the  growth  in  com¬ 
puter  power  and  improved  modelling  of  single-particle  dy¬ 
namics.  These  developments  have  culminated  in  a  highly 
automated  Monte-Carlo  evaluation  process  whose  stages 
include  the  generation  of  an  ensemble  of  imperfect  ma¬ 
chines,  simulation  of  the  operational  correction  procedures, 
correlation  studies  of  the  optical  functions  and  parameters 
of  (both)  beams,  4-dimensional  dynamic  aperture  scans 
and  tracking  with  quantum  fluctuations  to  determine  the 
beam  core  distribution.  We  outline  the  process,  with  ex¬ 
amples,  and  explain  why  each  step  is  necessary  to  real¬ 
istically  capture  essential  physics  affecting  performance. 
The  mechanisms  determining  the  vertical  emittance,  radial 
beam  distribution  and  dynamic  aperture  are  especially  im¬ 
portant.  As  a  storage  ring  in  which  an  unusual  variety  of 
optics  have  been  tested,  LEP  provides  a  valuable  test  case 
for  the  predictive  power  of  the  methodology. 

1  INTRODUCTION 

Persistent  disagreement  of,  say,  a  factor  of  two  between 
computed  and  measured  dynamic  apertures  would  invali¬ 
date  computation  as  a  rational  means  of  assessing  the  qual¬ 
ity  of  a  storage  ring  optics. 

However,  the  potential  of  an  optical  configuration  only 
becomes  clear  after  some  weeks  of  operational  perfor¬ 
mance  maximisation  (and  may  also  require  hardware 
changes).  Such  tests  are  expensive  in  large  machines 
like  LEP.  Accurate  computational  appraisal  is  therefore  vi¬ 
tal  to  estimate  not  only  dynamic  aperture  but  also — and 
consistently — the  gamut  of  optical  quantities  culminating 
in  the  beam  sizes  at  the  collision  points. 

The  conceptual  framework  and  tools  brought  to  bear 
on  the  problem  of  performance  prediction  for  LEP  have 
evolved  considerably  over  some  20  years.  Rather  than  re¬ 
view  the  history  (traceable  through  the  citations),  this  paper 
will  describe  current  best  efforts  to  model  the  various  LEP 
optics,  emphasising  recent  high  energy  operation  (LEP2) 
where  the  synchrotron  radiation  effects  are  strong. 

2  CONCEPTS  AND  METHODOLOGY 

In  this  paper,  computing  the  linear  machine  is  shorthand 
for  the  calculation  of  the  6D  closed  orbit  including  radia¬ 
tion,  the  eigenvectors  of  linear  oscillations  around  it  (hence 
all  optical  functions  and  the  canonical  transformations  to 

*  John.Jowett@cem.ch,  http://wwwslap.cem.ch/  "jowett/ 


the  eigenmodes),  the  3  tunes,  energy  loss,  damping  rates, 
emittances,  etc.  Usually,  the  eigenmodes  correspond  ap¬ 
proximately  to  (1,2)  horizontal  and  vertical  “betatron”  os¬ 
cillations  and  (3)  “synchrotron”  oscillations.  These  calcu¬ 
lations  are  implemented  in  the  program  MAD  [1], 

In  MAD’s  tracking,  radiation  damping  and  quantum  ex¬ 
citation  arise  naturally  [2]  because  all  particle  momentum 
changes  are  computed  locally,  according  to  the  distribution 
of  ^  300  RF  cavities  and  the  canonical  co-ordinates  of  the 
particle  in  each  multipole  magnet. 

The  dynamic  aperture  is  the  basin  of  attraction  of  the 
closed  orbit  in  deterministic  tracking  with  radiation  damp¬ 
ing  [2]  (without  quantum  fluctuations).  This  definition 
is  computationally  unambiguous  and  independent  of  the 
number  of  turns  tracked  beyond  a  certain  minimum  (for 
LEP2,  100  turns  are  ample). 

The  dynamic  aperture  of  LEP  is  essentially  determined 
by  three  classes  of  intentional  non-linear  elements:  chro- 
maticity  sextupoles,  RF  cavities  and  focusing  quadrupoles. 
Although  quadrupoles  provide  linear  focusing,  their  non¬ 
linear  radiation  terms  are  responsible  for  the  ultimate  dy¬ 
namic  aperture  limit.  (Higher  order  multipole  errors  are 
less  important.) 

A  dynamic  aperture  scan  is  carried  out  by  varying  the 
action  variables  (7i ,  I2, 13)  6  (R+)3  over  a  spherical  polar 
grid  R+  x  [0, 7r/2]2.  At  each  point,  the  phase  €  [0, 2ir) 
of  the  third  mode  is  also  scanned.  A  dynamic  aperture  is 
typically  the  result  of  tracking  1000-2000  particles  and  is 
returned  as  a  surface  in  the  3D  action  space  [3]. 

The  correction  procedures  applied  are  designed  to  emu¬ 
late  the  real  operational  procedures ,  as  responses  to  mea¬ 
sured  quantities  without  knowledge  of  the  imperfections, 
rather  than  the  best  that  could  be  done  computationally. 

In  outline,  the  optics  evaluation  procedure  is: 

1 .  Generate  ideal  machine  with  detector  solenoids,  RF, 
and  radiation  switched  off. 

2.  Install  vacuum  chamber  elements  in  all  quadrupoles 
to  provide  aperture  limitations  in  tracking. 

3.  Compute  solenoid  compensation  with  tilted 
quadrupoles,  to  be  applied  in  calculations  with 
the  solenoids  on. 

4.  Compute  linear  machine  and  dynamic  aperture  scan  of 
ideal  machine  (with  solenoids,  RF  and  radiation  on)  as 
a  reference. 

5.  Generate  an  ensemble  (typically  30)  of  machines  with 
typical  random  misalignments,  tilts  and  field  errors  in 
all  dipoles,  quadrupoles  and  sextupoles. 

For  each  machine  in  the  ensemble, 

(a)  Correct  the  non-radiating  closed  orbit  indepen¬ 
dently  in  the  two  planes  (to  \J (x2)  =  0.6  mm, 
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Figure  1 :  Shrinking  of  the  dynamic  aperture  at  the  ultimate  energy:  the  upper  row  shows  survival  plots  in  the  normalised 
phase  planes  (all  co-ordinates  in  y/m)  of  the  3  normal  modes  at  94  GeV  with  Jx  -  1  and  a  comfortable  VRF  =  2961  MV. 
The  lower  row  shows  the  same  imperfect  machine  at  100  GeV  with  Jx  =  1.5  and  VRF  =  3265  MV  just  sufficient. 
Contours  of  1  and  5.5er  of  the  notional  gaussian  distributions  are  shown  to  give  the  scale.  Most  of  these  6400  particles 
rotate  anti-clockwise  from  the  initial  conditions  shown.  Initial  conditions  are  coloured  with  a  hue  indicating  survival  time, 
ranging  from  violet  ( dark  central  stable  zone)  to  red  (loss  in  one  turn). 


\/  ( y 2)  =  0.4  mm). 

(b)  Switch  on  solenoids,  RF  and  radiation.  For  the 
e+  beam,  correct  the  IP  optics  ((3*)  and  tunes 
using  “knobs”  as  in  operation. 

(c)  Save  all  the  imperfections  and  their  corrections, 
reverse  the  ideal  machine  structure  and  rebuild 
the  physically  equivalent  machine  for  the  e- 
beam.  Thus,  some  corrections  appropriate  for 
the  positrons  are  applied  to  the  electron  beam 
and  may  enhance  the  differences  between  the 
beams.  Tune  splits  between  beams  can  be  £ 
0.01,  depending  on  the  distribution  of  VrF. 

(d)  Compute  the  linear  machine  and  carry  out  a  dy¬ 
namic  aperture  scan  for  each  beam. 

(e)  Track  with  quantum  fluctuations  [2]  (for  >  200) 
damping  times)  to  estimate  non-linear  effects  on 
the  emittances  and  beam  sizes. 

This  process  involves  >  1000  multifarious  runs  of 
MAD,  all  managed  by  a  Mathematica  [4]  notebook  inter¬ 
face  that  prepares  the  input  and  absorbs  the  results  into  a 
structured  database  of  function  definitions. 

Other  notebooks  load  the  database  to  display  and  cor¬ 
relate  machine  parameters  or  generate  comprehensive  re¬ 


ports  [6]  on  an  optics.  These  include  orbit  and  optics  at 
key  elements,  emittances,  tunes,  survival  data  and  dynamic 
apertures  and  differences  between  beams.  The  environment 
is  open-ended  and  congenial:  it  is  easy  to  compute  derived 
quantities  such  as  beam-overlaps  or  centre-of-mass  ener¬ 
gies  at  the  experiments;  several  databases  can  be  loaded  to 
make  comparisons  across  optics,  etc. 

3  SAMPLE  RESULTS 

3.1  Dynamic  aperture 

LEP  has  operated  with  several  optical  configurations  [3,  7] 
with  varying  arc  cell  phase  advances  (px,p.y).  Dynamic 
aperture  measurements  have  been  made,  where  possible, 
with  two  or  three  different  methods. 

For  certain  optics,  results  of  tracking  with  radiation  are 
quantitatively  in  agreement  with  earlier  calculations  with- 
-out  radiation.  This  is  the  hallmark  of  certain  physical 
mechanisms,  e.g.,  detuning  with  amplitude  onto  an  inte¬ 
ger  resonance.  Including  radiation,  or  even  imperfections, 
makes  little  quantitative  difference  although  the  radiative 
beta-synchrotron  coupling  instability  (RBSC)  [2,  3]  effect 
always  steps  in  to  accelerate  initial  amplitude  growth.  In 
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Figure  2:  Correlation  of  vertical  emittance  and  damping  partition  numbers  between  e+e  ;  correlation  of  vertical  emittance 
(both  beams)  and  RMS  vertical  dispersion,  D^MS.  The  fit  tests  the  hypothesis  e2  -  a(D^MS)2  /  J2+ec  —  a(D^MS)p+sc. 


other  cases,  e.g.,  higher  order  resonances  or  pure  RBSC,  ra¬ 
diation  and  imperfections  are  important,  the  dynamic  aper¬ 
ture  has  a  spread  and  is  less  than  for  an  ideal  machine.  Ra¬ 
diation  effects  are  essential  in  all  cases  to  determine  the 
stability  limit  of  mode  3  (“momentum  acceptance”). 

There  is  no  space  to  discuss  measurements  here.  How¬ 
ever  a  recent  survey  [8, 5]  showed  that  calculation  and  mea¬ 
surement  agree  within  about  10  %  in  all  cases  where  satis¬ 
factory  measurements  have  been  made. 

Figure  1  has  been  computed  for  the  present  optics  with 
(Hx,  fiy)  =  (102°,  90°)  to  show  the  effect  of  moving  from 
a  situation  with  a  reserve  of  RF  voltage  to  “ultimate”  LEP 
parameters  at  100  GeV  where  Vrf  is  just  sufficient  ac¬ 
cording  to  the  conventional  quantum  lifetime  calculation. 
All  details  of  this  figure  can  be  understood  by  analysing 
the  orbits  of  individual  particles.  At  94  GeV,  the  stability 
limit  of  mode  1  is  determined  by  the  cross-detuning  effect: 
Q2  moves  down  to  the  integer  resonance  with  increasing 
I\.  The  boundary  between  stability  and  loss  in  one  turn  is 
sharp.  At  100  GeV,  the  transverse  dynamic  apertures  are 
sharply  reduced  because  the  limit  is  now  determined  by  the 
RBSC  instability.  Since  the  growth  time  of  this  instabil¬ 
ity  is  ~  2/Q3  cs  20  turns,  a  “ghost”  of  the  former  dynamic 
aperture  remains  visible.  Similar  effects  are  visible  in  mode 
2  which  was  already  limited  by  RBSC. 

In  mode  3,  the  dynamic  aperture  becomes  simpler  in 
shape  although  this  example  shows  why  a  scan  of  <^3  is 
essential.  It  is  clear  that  the  approximations  underlying 
existing  analytic  approaches  to  the  calculation  of  quantum 
lifetime  are  inadequate  in  this  regime. 

3.2  Vertical  emittance 

The  emittance  of  mode  2,  £2,  is  a  crucial  parameter  de¬ 
termining  luminosity.  It  is  determined  almost  entirely  by 
machine  imperfections  and  so  can  only  be  estimated  statis¬ 
tically.  Figure  2  shows  predictions  for  the  same  optics  at 
94  GeV.  A  mismatch  of  e2  between  beams  can  arise,  partly 
because  the  damping  partition  numbers  J2  can  be  different. 
Fitting  shows  that  e2  is  determined  mainly  by  the  RMS  ver¬ 


tical  dispersion.  The  dependence  is  stronger  than  quadratic 
because  J2  tends  to  decrease  with  the  dispersion  (because 
of  combined  dispersion  and  closed  orbit  in  quadrupoles). 

The  statistical  distribution  of  vertical  emittance  in  the  en¬ 
semble  is  typical  of  measurements  during  the  life  cycle  of 
an  optics.  Operational  procedures  seem  to  select  correc¬ 
tions  that  reduce  e2  to  the  smallest  values. 

Synchro-betatron  resonances  can  increase  e2  further. 
Such  effects  can  be  estimated  by  tracking  particles  with 
quantum  fluctuations  [5], 

4  CONCLUSIONS 

By  carefully  constructing  ensembles  of  model  machines, 
simulating  the  operational  correction  procedures  and  using 
a  physically  faithful  model  of  single  particle  dynamics,  it 
is  possible  to  predict  the  distribution  of  beam  parameters 
and  their  differences  between  the  beams  in  LEP.  Dynamic 
aperture  can  be  predicted  to  within  about  10  %  in  a  variety 
of  optical  configurations. 

At  the  highest  accessible  energies,  the  dynamic  aperture 
of  LEP  will  be  sharply  reduced  by  the  RBSC  instability. 
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Abstract 

Misalignments,  magnetic  field  deviations  and  the  beam 
crossing  angle  induce  closed  orbit  deviations  and  resid¬ 
ual  dispersion  at  the  interaction  points  of  the  LHC.  These 
in  turn  excite  synchro-betatron  resonances.  We  present 
a  numerical  investigation  of  these  effects  and  their  influ¬ 
ence  on  the  luminosity.  Bunch  length  effects  are  impor- 
tantand  are  included  in  to  model  by  means  erf  the  numer¬ 
ical  cade  BBC  [1],  The  crossing  angle  excites  resonances 
tot  increase  particle  amplitudes  when  to  tones  are  near 
resonance  while  vertical  dispersion  changes  the  resonance 
strength.  The  influence  on  the  beam  core  size  is  studied. 
Bor  the  nominal  LHC  working  point,  a  13th-order  reso¬ 
nance  may  be  crossed  by  to  particles  in  to  beam.  The 
syidth  of  the  synchrotron  sidebands  are  evaluated. 

1  INTRODUCTION 

At  collision  energy  in  the  LHC,  local  orbit  bumps  are  used 
to  separate  the  beams  or  make  them  cross  at  an  angle. 
These  bumps  have  the  unwanted  side  effect  of  creating  dis¬ 
persion^  the  interaction  points  (IPs).  Besides  this,  to  ran¬ 
dom  misalignments  and  imperfections  of  the  machine  gen¬ 
erate  further  random  components  of  the  dispersion  at  the 
IPs.  The  crossing  angle  and  dispersion  in  turn  modify  the 
beam-beam  interaction  at  to  IPs  through  the  excitation  of 
synchro-betatron  resonances. 

The  calculations  in  this  paper  can  be  divided  into  two 
main  classes:  To  study  optical  effects,  we  calculate  the 
vertical  dispersion  that  can  be  expected  to  arise  from  the 
sources  and  its  effect  on  the  beam  size.  For  these  calcula¬ 
tions,  we  use  the  MAD  [2]  model  of  LHC  Version  5  with 
error  table  9607.  Two  different  types  of  calculations  are 
carried  out: 

1 .  Misalignments  are  introduced  and  the  resulting  closed 
orbit  deviations  are  corrected  to  RMS  values  of  1  mm 
in  both  horizontal  and  vertical  planes  (simulating  the 
typical  quality  of  correction  in  a  real  machine). 

2.  The  crossing  angles  and  separation  bumps  are  then 
introduced  at  IP1,  IP2,  IPS  and  IP8,  modifying  the 
closed  orbit  again.  The  linear  coupling  is  corrected 
in  both  cases  again  simulating  the  quality  of  correc¬ 
tion  in  a  real  machine  and  to  residual  dispersion  in 
the  horizontal  and  vertical  plane  is  calculated.  In  Ta¬ 
ble  1  the  machine  parameters  of  immediate  interest 
are  summarised. 

To  study  the  beam-beam  effects  we  use  the  tracking  pro¬ 
gram  BBG  [11;  it  includes  an  appropriate  model  of  a  single 
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beam-beam  interaction  but  treats  the  rest  of  the  machine  in 
linear  approximation. 

The  dispersion  at  the  RF  cavities  is  assumed  to  be  zero, 
so  that  this  is  not  an  additional  source  of  synchro-betatron 
resonances. 

Where  it  is  possible  to  do  so,  the  results  of  BSC  are 
compared  with  existing  analytical  theory  and  other  mod¬ 
els.  Further  details  are  given  in  [3], 


Relativistic  factor  7 

7461 

Normalised  emittance  e„ 

3.75  10-6  m.rad 

bunch  length  crs 

0:077  m 

relative  energy  spread  ae 

1.11  x  10~4 

Particles  per  bunch  Nb 

1.05  x  1011 

Number  of  bunches 

2835 

Revolution  frequency  fr 

11245.5  Hz 

13*  (IP1,  IP2,  IP5,  IP8) 

(0.5  m,  250  m,  0.5  m,  33  m) 

Qx,  Qyt  Qs 

63.31,59.32,0.00212 

QfX>Q'y 

2.0, 2.0 

Table  1:  Beam  parameters  of  the  LHC  at  collision  energy. 


2  PARASITIC  DISPERSION  DUE  TO 
THE  CLOSED  ORBIT 

The  dispersion  functions  for  the  ideal  machine  are  zero  at 
the  IPs.  In  Table  2  the  horizontal  and  vertical  dispersion  are 
shown  at  the  experimental  interaction  points  together  with 
the  calculated  standard  deviation  over  the  ensemble  of  20 
closed  orbit  calculations. 


I.P. 

Dx  [m] 

Dv  [m] 

IP1 

IP2 

IP5 

IP8 

-0.001  ±  0.008 
0.003  ±0.169 
-0.002  ±  0.009 
0.006  ±  0.071 

-0.006  ±  0.028 
-0.087  ±0.508 
0.004  ±  0.015 
-0.029  ±  0.213 

Table  2:  Horizontal  and  vertical  dispersion  at  the  four  ex¬ 
perimental  interaction  points  from  residual  closed  orbit. 


3  PARASITIC  DISPERSION  DUE  TO 
THE  CROSSING  ANGLE 

The  dispersion  created  at  the  IPs  by  orbit  bumps  were  cal¬ 
culated  with  MAD.  They  are  presented  in  Table  3. 
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I.p. 

Dx  [m] 

Dy  [m] 

IP1 

0.021 

-0.006 

-IP2 

-0.087 

-0.035 

IP5 

-0.002 

-0.005 

IP8 

0.059 

-0.028 

Table  3:  Horizontal  and  vertical  dispersion  at  the  four  ex¬ 
perimental  interaction  points  from  crossing  angle. 


4  LUMINOSITY  CHANGE  WITH  THE 
BEAM  CROSS  SECTION 


Dispersion  will  contribute  to  the  beam  size  in  the  following 
way: 

(O2  =  ez(3*z  +  ( aeD*z )2.  (1) 

Here,  az,  D*  and  /?*  are  the  beam  size,  the  dispersion 
and  the  /3-function  value  at  the  interaction  point  with  z  € 
{x,  y}.  The  energy  spread  of  the  beam  is  denoted  by  ae. 

The  increase  of  the  beam  size  leads  to  a  change  in  the 
luminosity  approximated  by: 


,  _  NjhU  1 

47r<T*(T*  V 1  +  <5 2  2 a* 


(2) 


This  equation  holds  when  the  crossing  angle  </>  is  small  and 
the  /?*  does  not  vary  much  near  the  interaction  point. 

Inserting  Eq.  1  in  Eq.  2  and  then  Taylor  expanding  with 
respect  to  Dy  shows  that  C  decreases. 


A  separate  numerical  simulation  was  carried  out  to  cal¬ 
culate  the  coupling  of  the  transverse  and  longitudinal  oscil¬ 
lations.  This  program  is  based  on  the  equations  of  motion 
as  derived  from  a  Hamiltonian  [5]. 

The  tracking  was  done  with  both  programs  over  10000 
turns.  The  largest  amplitude  during  this  number  of  turns 
was  recorded.  The  resonance  q  Qz  ±r  Qs  =  4  is  scanned 
(q  ~  13)  in  this  study. 

The  following  plots  (Figure  1  and  2)  compare  the  maxi¬ 
mum  amplitude  on  the  resonance  as  a  function  of  the  initial 
betatron  amplitude  as  found  by  BBC  calculation  and  the 
simulation  with  the  equations  of  motion.  Because  of  the 
symmetry  of  the  beam-beam  potential  the  satellites  with 
even  q  +  r  are  stronger  than  those  with  odd  q  +  r. 


C  =  C0 


2  <t2P2 

4ey/3*  +  <j>2a1 


Figure  1:  Resonance  strength  of  13 Qx  ±  3 Qs  =  4  as  a 
(3)  function  of  the  initial  amplitude  of  the  particles. 


The  design  luminosity  is  Co  =  1034  cm-2  s_1.  The  lumi¬ 
nosity  changes  at  most  by  about  5%  due  to  the  changes  of 
horizontal  and  vertical  beam  size  at  the  IP. 

5  RESONANCE  EFFECT  OF  CROSSING 
ANGLE 

The  effect  of  one  single  beam-beam  interaction  is  studied 
with  the  program  BBC.  This  FORTRAN  code  analyses  a 
beam-beam  collision  with  a  crossing  angle  in  a  symplec- 
tic  way  in  6  dimensions.  The  bunch  length  effect  influ¬ 
ences  the  synchro-betatron  resonances.  To  represent  this, 
the  strong  beam  is  split  into  several  longitudinal  slices.  The 
parameters  R  =  crs/(3*  and  $  =  4><7s/az  (Piwinski  angle) 
show  the  necessity  of  the  slicing.  For  R>  1,  the  hourglass 
effect  (depth  of  focus)  [4]  is  important.  This  means  that 
bunch  length  effects  need  to  be  included  in  the  calculations 
by  using  slices.  When  $  >  1,  the  tilt  effect  is  important. 
For  the  LHC  R= 0.15  and  $=0.5  (at  IP1  the  crossing  an¬ 
gle  is  ±150/xrad),  the  same  order  of  magnitude.  One  might 
expect  that  the  bunch  length  effects  are  not  important,  but 
the  numerical  results  show  that  this  is  not  the  case.  Calcu¬ 
lations  show  that  it  is  necessary  to  split  the  beam  into  five 
slices  [3], 


BBC  (with  dots),  Piwinski  (without  dots) 


Figure  2:  Resonance  strength  of  13Q;„  ±QS  =  4  as  a  func¬ 
tion  of  the  initial  amplitude  of  the  particles. 


6  RESONANCE  EFFECT  OF 
DISPERSION 

The  effect  of  dispersion  is  similar  to  that  of  a  crossing  an¬ 
gle:  it  excites  the  same  synchrotron  satellites  close  to  each 
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beam-beam  resonance.  The  strength  of  the  satellites  are  the 
same  in  both  cases  when  the  dispersion  at  the  IP  is  equal  to 
[5]: 


Dip  =  4> 


aMR 

"2Q7 


(4) 


where  is  the  momentum  compaction  factor  and  R  is 
the  mean  radius  of  the  accelerator.  For  a  dispersion  of 
about  10  cm  the  resonances  would  be  excited  with  the  same 
strength  as  with  the  nominal  crossing  angle.  In  Figure  3  the 
four  resonance  lines  described  earlier  (r  €  {1, 3})  are  re¬ 
calculated  including  a  10  cm  vertical  dispersion  at  the  IP. 


Figure  3:  Resonance  strength  of  13<3*  ±  rQs  —  4  as  a 
function  of  the  initial  amplitude  of  the  particles  with  r  e 
{1, 3}  and  Dy  =  0.1m. 


The  two  outer  resonances  become  stronger  and  the  two 
inner  are  weakened,  resulting  in  a  global  equal  strength  of 
the  four  resonance  lines.  The  initial  amplitude  is  increased 
by  about  7.5%  with  respect  to  the  resonance  free  part. 

Numerical  calculations  show  that  the  width  of  the  reso¬ 
nances  13 Qg  ±  3 Qs  =  4  is  1  x  10~4  (BBC).  The  other 
program  yields  9  x  10-5.  The  resonances  13Qp  ±QS  —  4 
have  a  width  of  about  1.5  x  10~4  (BBC)  whereas  the  other 
program  yields  2  x  10~4.  First-order  theoretical  investi¬ 
gations  [5]  result  in  a  width  of  the  resonance  islands  of 
6  x  1CT5. 

7  CORRECTION  OF  VERTICAL 
DISPERSION 

The  closed  orbit  in  quadruples  and  sextupoles  is  the  driv¬ 
ing  term  for  the  parasitic  vertical  dispersion.  Special  ver¬ 
tical  orbit  bumps  can  create  vertical  dispersion  to  compen¬ 
sate  the  dispersion  generated  by  the  beam  crossing  scheme 
at  the  IP  or  the  closed  orbit  deviations.  Usually  a  closed 
orbit  bump  starts  at  the  beginning  of  one  arc  and  is  closed 
at  the  end  of  the  same  arc.  To  cancel  the  dispersion  wave 
a  second  orbit  bump  (in  the  following  arc)  is  used.  In  the 
case  of  a  vertical  dispersion  of  6  mm  (at  IP1  and  IP5)  orbit 


bumps  of  about  2  mm  have  to  be  used.  The  correction  mag¬ 
nets  can  generate  kicks  of  at  most  70/zrad.  This  generates 
a  maximum  dispersion  of  2  cm  at  IP1  and  IP5  (leaving  the 
dispersion  at  all  other  IPs  zero). 

8  CONCLUSIONS 

The  random  closed  orbit  deviations  due  to  misalignments 
and  magnetic  field  errors  result  in  a  few  cm  of  residual  dis¬ 
persion  at  the  interaction  points  of  the  LHC.  The  local  orbit 
bumps  in  the  interaction  region  are  a  further  deterministic 
source  of  dispersion.  This  dispersion  increases  the  beam 
size  by  less  than  10%. 

Higher-order  resonances  will  still  be  crossed  by  parti¬ 
cles  in  the  tail  of  the  beam  (large  amplitudes).  Their  in¬ 
fluence  has  been  studied  in  detail,  by  tracking  particles 
with  initial  amplitudes  of  3,  4,  5  and  6<r,  both  with  BBC 
and  with  another  program  based  on  the  equations  of  mo¬ 
tion  derived  in  [5],  Without  dispersion,  both  methods 
gave  similar  results  for  the  studied  resonances.  For  ex¬ 
ample,  the  sidebands  of  the  13th  order  betatron  resonance 
(13 Qp  ±  rQs  =  4  with  r  €  {1,3})  have  a  width  of  ap¬ 
proximately  1.5  x  10~4.  The  crossing  angle  increases  the 
amplitude  of  the  particle  oscillation  by  less  than  10%.  BBC 
shows  that  the  nominal  crossing  angle  combined  with  ver¬ 
tical  dispersion  of  10  cm  at  the  IP  changes  the  strength  of 
the  resonance,  giving  an  increase  of  amplitudes  of  7.5% 
with  respect  to  the  unperturbed  case.  Thus,  the  strengths  of 
some  sidebands  are  reduced. 

Correction  of  residual  dispersion  at  the  IP  is  possible 
with  closed  orbit  bumps  in  the  arcs.  The  dispersions  at 
IP1  and  IP5  can  be  changed  independently  of  each  other 
by  ±2  cm  without  affecting  the  dispersion  at  the  other  IPs. 
They  can  therefore  be  used  to  correct  the  dispersion  arising 
from  the  beam  crossing  angle. 
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ODYSSEUS:  DESCRIPTION  OF  AND  RESULTS  FROM  A  STRONG- 
-STRONG  BEAM-BEAM  SIMULATION  FOR  STORAGE  RINGS 

E.  B.  Anderson  *.  T.  I.  Banks,  J.  T.  Rogers,  LNS,  Cornell  University,  Ithaca,  NY 
Abstract  ODYSSEUS  is  written  in  Fortran77  for  portability. 


ODYSSEUS  is  a  simulation  of  the  beam-beam  inter¬ 
action  in  e+e_  storage  ring  colliders  which  is  specif¬ 
ically  intended  to  reveal  the  dynamic  collective  behav¬ 
ior  of  the  colliding  beams.  This  program  is  a  true  six¬ 
dimensional  strong-strong  simulation  in  which  the  electro¬ 
magnetic  fields  of  longitudinal  slices  of  the  colliding  beams 
are  recalculated  for  each  slice  collision.  Broadband  wake 
fields  are  included.  No  constraints  are  placed  on  the  dis¬ 
tribution  of  particles  in  the  beams.  The  program  achieves 
its  speed  through  adaptively  choosing  between  alternative 
electromagnetic  field  calculation  methods.  Benchmarking 
tests  and  various  results  will  be  presented. 

1  INTRODUCTION 

In  storage  ring  colliders  the  beam-beam  forces  produce 
changes  in  the  distribution  of  particles  that  can  be  important 
to  the  stability  of  the  beams  and  the  luminosity.  Because 
the  beam-beam  force  is  strongly  nonlinear,  exact  calcula¬ 
tions  are  difficult  and  particle  tracking  simulations  are  more 
suitable.  Strong-strong  simulations,  in  which  the  force  ex¬ 
erted  on  each  beam  by  the  opposing  beam  is  calculated,  are 
capable  of  generating  self-consistent  charge  distributions 
and  have  been  used  to  examine  the  collective  behavior  of 
round  beams  [1,  2],  charge-compensated  round  beams  [3], 
and  beams  of  arbitrary  ellipticity  [4],  These  simulations  are 
very  time-intensive  because  of  the  need  to  repeatedly  cal¬ 
culate  the  electromagnetic  field  of  each  beam,  and  previous 
unconstrained  strong-strong  simulations  have  therefore  in¬ 
cluded  only  transverse  degrees  of  freedom. 

This  paper  presents  a  new  beam-beam  simulation  pro¬ 
gram,  ODYSSEUS  (Optimized  DYnamic  Strong-Strong 
E-plus  e-minUs  Simulation).  To  the  authors’  knowl¬ 
edge,  ODYSSEUS  is  the  first  six-dimensional  strong- 
strong  beam-beam  simulation  in  which  no  constraints  are 
placed  on  the  beams  and  is  the  first  to  include  wake  fields. 
These  features  make  it  possible  to  investigate  any  mode 
of  oscillation  of  the  colliding  beams,  including  head-tail 
modes. 

ODYSSEUS  is  capable  of  rapidly  calculating  the  elec¬ 
tromagnetic  field  of  a  beam  divided  into  many  longitudinal 
slices  because  it  adaptively  chooses  from  a  variety  of  dif¬ 
ferent  field  computation  methods.  Different  algorithms  are 
used  for  the  core,  the  transverse  tails,  and  the  longitudinal 
tails  of  the  beam.  The  parameters  of  the  program  can  be 
changed  to  model  flat  or  round  beams.  Further,  inclusion 
of  the  longitudinal  degree  of  freedom  and  wake  fields  al¬ 
lows  the  investigation  of  previously  inaccessible  physics. 

*  Email:ebal  @comell.edu 


2  PARTICLE  TRACKING 

2.1  The  Storage  Ring 

On  each  simulated  turn  through  the  storage  ring,  each 
macroparticle  is  propagated  from  the  collision  point  and 
back  again  through  the  linear  optics  of  the  storage  ring,  in¬ 
cluding  chromaticity,  synchrotron  radiation  excitation  and 
damping,  RF  phase  focusing,  and  wake  field  deflections. 
Macroparticles  which  have  migrated  past  a  transverse  aper¬ 
ture  are  no  longer  considered  in  the  simulation.  Longitudi¬ 
nal  and  transverse  short-range  wake  fields  are  included  in 
the  simulation.  An  input  file  contains  a  list  of  longitudinal 
and  transverse  resonators  with  values  for  the  resonant  fre¬ 
quency  ujr,  shunt  impedance  Rs,  and  quality  factor  Q  of 
each  resonator. 

2.2  Collisions 

During  its  passage  though  the  opposing  bunch,  the  trans¬ 
verse  position  of  each  macroparticle  may  change  appre¬ 
ciably  because  the  vertical  interaction  point  beta  function, 
Py,  in  CESR  and  many  other  colliders  is  comparable  to 
the  bunch  length,  az.  ODYSSEUS  handles  the  longitu¬ 
dinal  variation  of  the  electromagnetic  field  of  the  beam 
by  dividing  the  beam  into  slices.  The  simulation  collides 
each  pair  of  slices  sequentially,  updating  the  transverse  mo¬ 
menta  and  positions  of  each  macroparticle  after  each  pair¬ 
wise  collision  of  slices.  For  each  slice  collision  the  slice 
electromagnetic  field  is  calculated  by  one  of  the  methods 
described  below.  Macroparticles  undergoing  longitudinal 
oscillations  may  migrate  from  slice  to  slice,  so  on  each  turn 
the  macroparticles  are  sorted  according  to  their  longitudi¬ 
nal  position  and  reassigned  to  slices. 

3  ELECTROMAGNETIC  FIELD 
CALCULATION 

3.1  Beam  core 

If  the  number  of  macroparticles,  N,  within  a  slice  is  very 
small,  the  integrated  field  at  a  probe  beam  macroparticle  is 
calculated  from  the  exact  radius  vector  from  each  opposing 
source  beam  macroparticle.  The  field  must  be  calculated 
at  the  position  of  each  macroparticle  in  the  probe  beam,  so 
the  number  of  calculations  goes  as  N2,  making  this  method 
efficient  only  for  N  <  50. 

For  larger  values  of  N,  the  electromagnetic  field  is  cal¬ 
culated  on  a  rectangular  grid  using  pre-calculated  Green’s 
functions  for  charges  on  the  grid  points.  The  macroparticle 
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Figure  1:  The  beam  is  divided  into  longitudinal  slices  and 
the  collision  of  each  pair  of  slices  is  simulated  in  sequence. 
Slices  are  marked  as  either  “weak”  (white)  or  “strong” 
(gray)  and  the  appropriate  technique  is  applied  when  they 
interact.  No  two  weak  slices  ever  interact. 

charge  is  assigned  to  the  grid  points  using  one  of  two  area- 
weighted  techniques  described  in  below.  If  the  number  of 
grid  points  Ng  is  less  than  about  200,  the  convolution  of 
the  charge  density  and  Green’s  function  is  done  as  a  sum¬ 
mation  in  real  space.  The  number  of  calculations  required 
for  this  convolution  goes  as  Ng. 

For  larger  values  of  Ng,  the  convolution  of  the  Green’s 
functions  and  charge  density  is  done  as  a  simple  multipli¬ 
cation  in  wavenumber  space.  The  speed  of  this  method  is 
limited  by  the  speed  of  the  necessary  Fourier  transform  to 
wavenumber  space  and  the  inverse  transform  back  to  real 
space.  The  number  of  calculations  goes  as  Ng  log2  Ng.  To 
suppress  edge  effect  problems  in  the  Fourier  transforms, 
the  size  of  the  wavenumber  space  can  be  doubled  in  both 
directions  and  padded  with  zeros  [5]  although  this  is  found 
to  be  unnecessary  for  a  typical,  Gaussian-like,  charge  dis¬ 
tribution. 

3.2  Beam  tails 

The  tails  of  the  beam,  typically  taken  to  be  particles  with 
a  displacement  of  more  than  (10/3)cr  in  any  direction,  are 
treated  differently  than  the  core  particles.  The  tail  parti¬ 
cles  have  very  little  effect  on  the  beam-beam  force.  They 
do,  however,  respond  to  the  beam-beam  force,  so  a  weak- 
strong  calculation  is  used. 

Longitudinal  tail  particles  are  subject  to  forces  from  the 
core  of  the  opposing  beam.  This  is  a  weak-strong  calcu¬ 
lation.  A  full  calculation  of  the  field  from  the  opposing 
(strong)  beam  slice  is  performed,  but  the  tails  are  assumed 
to  have  no  effect  on  the  other  beam.  All  slices  may  be 
treated  as  strong-strong  slices  if  the  user  so  chooses. 

The  transverse  tail  particles  are  subject  to  a  beam-beam 
force  of  similar  magnitude  to  that  experienced  by  the  core 
particles.  The  fine  structure  of  the  charge  distribution  of  the 


core  has  little  influence  on  the  field  in  the  transverse  tails, 
so  the  core  is  assumed  to  be  a  two-dimensional  Gaussian 
charge  distribution  with  the  same  total  charge  and  trans¬ 
verse  moments  as  the  slice.  The  field  from  this  Gaussian 
charge  distribution  is  calculated  from  the  rational  approxi¬ 
mation  of  Talman  and  Okamoto  [7]. 

3. 3  Interpolation  techn  iques 

Whenever  a  grid-based  technique  is  used,  it  is  necessary 
to  interpolate  from  the  fields  on  a  grid  to  arbitrary  par¬ 
ticle  locations  and  from  the  particle  locations  to  the  grid 
when  depositing  charge.  Odysseus  gives  the  user  a  choice 
between  two  interpolation  methods:  a  four-point  Cloud- 
In-Cell  (CIC)  technique  and  a  nine-point  extension  of  the 
Triangular-Shaped  Cloud  (TSC)  technique[5].  Higher  or¬ 
der  interpolation  schemes  tend  to  blur  the  detail  in  the 
charge  distribution.  In  ODYSSEUS  a  “sharpening  func¬ 
tion”  is  used  during  the  convolution  of  the  charge  density 
and  Green’s  function  in  wavenumber  space  [6]. 

4  PRE-  AND  POST-PROCESSING 

A  user  interface,  PENELOPE,  has  been  written  to  produce 
the  input  files  used  by  ODYSSEUS.  Parameters  may  be 
read  from  existing  files  and  modified,  or  may  be  entered 
through  the  keyboard.  PENELOPE  works  with  a  set  of  ac¬ 
celerator  parameters  which  is  convenient  for  the  user,  but 
which  is  larger  than  the  set  of  independent  parameters.  As 
new  parameters  are  entered,  derived  parameters  are  calcu¬ 
lated  and  displayed.  Thus,  self-consistency  between  pa¬ 
rameters  is  enforced,  unless  the  user  specifically  chooses 
otherwise. 

ODYSSEUS  was  designed  to  investigate  the  coherent 
oscillations  of  the  bunch,  so  post-processing  to  analyze  the 
bunch  spectrum  is  necessary.  Post-processing  is  done  in  a 
Mathematica  [8]  notebook  designed  to  look  at  beam-beam 
modes  and  their  growth  and  damping  rates. 

5  SPEED  AND  ACCURACY 
CONSIDERATIONS 

5.1  Field  error  due  to  transverse  grid 

For  round  beams  a  field  calculation  grid  can  be  constructed 
out  of  square  cells  with  equal  numbers  of  cells  in  each  di¬ 
mension.  This  construction  allows  for  accurate  field  calcu¬ 
lation  with  low  numbers  of  grid  squares.  In  contrast,  the 
often  extreme  aspect  ratios  of  flat  beams  force  the  use  of 
either  large  numbers  of  cells  or  individual  cells  with  poor 
aspect  ratios.  When  trying  to  model  flat  beams  with  a  min¬ 
imum  number  of  grid  cells,  one  may  give  the  grid  cells  an 
aspect  ratio  other  than  unity,  but  there  are  dangers  in  this 
choice.  If  a  potential  is  used  to  calculate  the  fields,  then  the 
choice  of  the  value  of  the  Green’s  function  at  the  origin  is 
important.  ODYSSEUS  uses  a  separate  Green’s  function 
for  each  component  of  the  electric  field  and  the  maximum 
aspect  ratio  usually  allowed  is  1.4. 
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Figure  2:  The  figure  above  shows  the  vertical  beam-beam 
tune  shift,  Avy,  as  a  function  of  the  number  of  slices.  The 
straight  line  is  an  estimate  of  the  maximum  beam-beam  pa¬ 
rameter,  from  slicing  errors  alone  (See  Equation  1). 


5.2  Field  error  due  to  longitudinal  slicing 

Previous  investigators  [9]  had  indicated  that  few  slices,  five 
or  less,  are  necessary  to  model  the  colliding  beams.  We 
instead  found  that  the  error  introduced  by  slicing  increases 
the  simulated  emittance  of  the  beam,  so  that  the  simulation 
produces  a  maximum  value  of  £.  This  limit  is  severe  when 
ft*  is  so  small  that  it  is  comparable  to  the  bunch  length  az . 
In  a  particle-tracking  simulation  using  longitudinal  slices 
of  uniform  width,  particles  at  the  front  and  back  of  each 
slice  receive  a  different  deflection  than  would  actual  beam 
particles.  From  this  we  find  that  a  horizontal  tune  shift  can 
be  produced  due  to  the  finite  slice  length.  We  find  this  to 
be: 

t  —  4^3  fiy  /7 

( \y,max  —  .  v6.  (1) 

■k  Az 


6  CONCLUSIONS 

There  are  a  number  of  computational  advances  represented 
in  ODYSSEUS.  Its  adaptive  nature  allows  it  to  run  several 
times  faster  than  a  code  using  PIC  methods  alone.  The 
Green’s  function  grid  used  in  the  PIC  calculations  is  pre¬ 
generated  and  recalculated  as  necessary.  Approximations 
are  used  in  the  transverse  and  longitudinal  tails  in  order 
to  save  time  on  calculations.  ODYSSEUS  incorporates 
wake  fields,  enabling  the  user  to  calculate  collective  insta¬ 
bility  thresholds  for  colliding  beams.  Runs  can  be  done 
in  reasonable  amounts  of  time,  ranging  from  an  hour  to  a 
few  days  depending  on  the  approximations  used  and  beam 
shape. 

Three  unexpected  results  became  evident  during  this 
work.  The  first  is  the  necessity  for  grid  aspect  ratios  close 
to  1 : 1  when  using  an  electric  field  Green’s  function,  and  ex¬ 
actly  1 : 1  when  using  an  electric  potential  Green’s  function. 
The  second  was  the  discovery  of  a  minimum  (simulated) 
emittance  due  to  the  nonzero  longitudinal  slice  width.  The 
third  was  that  using  zero-padding  in  the  Fourier  transform 
was  not  the  most  efficient  means  to  minimize  errors. 

Three  interesting  results  have  already  been  found.  The 
ratio  between  the  beam-beam  parameter  and  the  coherent 
tune  split  has  been  calculated,  the  shift  in  head-tail  mode 
frequencies  for  colliding  beams  have  been  investigated,  and 
the  effect  of  additional  wiggler  magnets  on  CESR’s  lumi¬ 
nosity  approximated. 

7  ACKNOWLEDGMENTS 

This  work  was  supported  by  the  National  Science  Founda¬ 
tion.  The  authors  extend  their  thanks  to  R.  Talman,  G.  Cod- 
ner,  J.  Irwin,  R.  Siemann,  M.  Furman,  S.  Krishnagopal, 
R.  Ryne,  R.  Ng,  and  R.  Helmke. 

8  REFERENCES 


Other  physical  or  numerical  effects  may  further  reduce  £y . 
Fig.  2  shows  the  vertical  beam-beam  tune  split  as  a  func¬ 
tion  of  the  number  of  slices.  The  behavior  supports  the 
result  of  Eq.  1  that  there  is  a  maximum  tune  split  that  is 
inversely  proportional  to  the  slice  length.  Simulations  of 
storage  rings  with  a  small  natural  vertical  emittance  require 
a  large  number  of  slices.  Slices  of  non-uniform  length  [9] 
may  reduce  the  effect. 

5.3  Speed 

ODYSSEUS  is  currently  being  run  on  a  farm  of  500  MHz 
Alpha-chip  personal  computers  running  Linux.  The  fast 
Fourier  transform  takes  almost  90%  of  the  time  taken  by  the 
code  for  a  typical  run.  The  speed  of  ODYSSEUS  may  be 
compared  to  that  of  a  non-adaptive  PIC-only  calculation  by 
running  with  PIC-only  options  and  comparable  parameters. 
The  calculation  takes  five  times  longer  than  a  calculation 
with  the  optimized  code. 


[1]  S.  Krishnagopal,  Ph.D.  Thesis,  1991,  Cornell  University. 

[2]  S.  Krishnagopal  and  R.  Siemann,  Phys.  Rev.  Lett.  67  (1991) 
2461. 

[3]  B.  Podobedov  and  R.H.  Siemann,  Phys.  Rev.  E  52  (1995) 
3066. 

[4]  S.  Krishnagopal,  Phys.  Rev.  Lett.  76  (1996)  235. 

[5]  R.W.  Hockney  and  J.W.  Eastwood,  Computer  Simulation 
Using  Particles,  Hilger,  Bristol,  U.K.,  1988. 

[6]  E.  B.  Anderson,  ODYSSEUS:  A  Dynamic  Strong-Strong 
Beam-Beam  Simulation  for  Storage  Rings,  PhD.  Dis¬ 
sertation,  Cornell  University  (1998);  Available  at 
http://www.  ruph.  comell.  edu/edwin/. 

[7]  Y.  Okamoto  and  R.  Talman,  Comell  Laboratory  of  Nuclear 
Studies  report  CBN  80-13  (1980). 

[8]  Mathematica,  Wolfram  Research,  Inc.,  Champaign,  Illinois, 
USA. 

[9]  M.  Furman,  A.  Zholents,  T.  Chen,  and  D.  Shatilov, 
Lawrence  Berkeley  National  Laboratory  report  PEP-II/AP 
Note  95.39/LBL-37680/CBP  Note-152  (1995). 


1688 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


ENERGY  RESOLUTION  AT  INTERACTION  POINT 
FOR  ASYMMETRIC  BEAMS 


S.  Petracca*.  K.  Hirata*,  KEK,  Tsukuba,  Japan 


Abstract 

The  monochromatic  scheme  adopted  in  the  tau-charm  fac¬ 
tories  uses  a  large  dispersion  at  interaction  point  to  obtain 
a  very  high  collision  energy  resolution. 

Due  to  the  presence  of  dispersion,  however,  the  beam- 
beam  interaction  induces  the  synchro-betatron  coupling. 
Even  if  in  the  linear  regime,  it  can  lead  to  potentially  se¬ 
rious  effects.  One  of  the  most  serious  is  the  rapid  decrease 
of  the  energy  resolution  when  the  beam-beam  parameter  in¬ 
creases,  even  if  the  motion  is  stable.  In  this  paper  we  study 
this  effect  in  detail  either  for  symmetric  and  asymmetric 
beams  and  give  formula  for  the  energy  resolution. 

1  INTRODUCTION 

Recently  the  monochromatization  has  been  considered  se¬ 
riously  for  future  tau-charm  factories  [1],  where  a  rather 
large  dispersion  exists  at  the  IP  with  opposite  signs  for  both 
beams.  In  this  case,  the  dispersion  effects  can  no  longer  be 
discussed  in  the  perturbative  sense  as  in  the  conventional 
colliders  .[2,  3].  In  a  previous  paper  [4]  we  discussed  the 
effects  of  the  dispersion  at  the  IP  paying  enough  attention 
to  the  mutual  interaction  between  the  betatron  and  the  syn¬ 
chrotron  degrees  of  freedom,  and  the  possible  problems  as¬ 
sociated  with  the  monochromatization  within  the  linear  ap¬ 
proximation  of  the  beam-beam  force. 

The  purpose  of  the  monochromatization  is  to  make  the 
spread  cr£  of  the  collision  energy  much  smaller  than  the 
nominal  one  a°.  Thus  this  quantity  gives  the  figure  of  merit 
of  the  machine  as  well  as  the  luminosity.  The  monochro¬ 
matic  scheme  uses  beams  with  opposite  dispersion  D,  and 
realizes  a  distribution  (centered  at  the  IP)  in  vertical  posi¬ 
tion  y  analogue  (Gaussian)  to  that  one  (centered  at  Eo)  in 
energy  E.  In  this  way  the  particles  with  energy  E0  —  e 
collide  with  those  at  the  same  quote  in  the  other  beam  but 
with  different  energy  Eo  +  e,  then  getting  as  collision  en¬ 
ergy  ECm  ~  2  E0. 


(E±  -  Eo)/Eo  is  the  energy  deviation  from  the  nominal 
value  Eq  and  normalized  by  it. 

In  the  monochromatization,  as  well  as  the  luminosity  L, 
the  spread  crw  of  the  collision  energy  w  -  2Eq  =  £++£_ 
is  important.  The  luminosity  can  be  expressed  as 


L  =  const  x  J  f+(y,£+)f-(y,e-)dyde+de- 


(1) 


Here  f±(y±,e±)  is  the  distribution  function  in  the 
(y±,  £±)  space.  If  we  assume 


^22±^+2Ai2±y£±-An±£| 
2  det  A± 


exp 


f±(y,£±)  =  - 

with  A  being 

we  get 


-( 


27ry/det  A-j 


(y2)±  (yeh  \ 
(ye)±  (e2)±  )  ’ 


const  x 


1 


(2) 


(3) 


(4) 


The  luminosity  density  with  respect  to  w  is  defined  as  [10] 

A(w)  =  J f+(y,e+)f-<y,eE)6(w-e+-e-)dyd£+de--  (5) 

Here  w  stands  for  the  deviation  of  the  collision  energy  from 
the  nominal  one  (2f?o).  Then  we  have  x 


A  (w)  = 


V/* 


7 T<Jf, 


:  exp 


(-*)• 


(6) 


and  the  formula  for  the  energy  resolution  for  asymmetric 
beams  is 

2  _  A  det  A+  det  A_ 


= 


An  +  A 


(7) 


it 


with 


2  ENERGY  RESOLUTION 

For  simplicity  we  consider  the  synchrotron  motion  and 
one  betatron  (vertical)  oscillation  degree  of  freedom  only. 
The  physical  variables  of  a  particle  for  the  betatron  and 
synchrotron  motions  are  x±  =  (y±,py±,  z±,e±),  where 
y±  is  the  vertical  coordinate,  py±  the  vertical  momentum 
normalized  by  the  (constant)  momentum  po  of  the  refer¬ 
ence  particle,  z±  the  time  advance  relative  to  the  refer¬ 
ence  particle  multiplied  by  the  light  velocity  c,  and  e±  = 
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If  we  assume  that  two  beams  are  modified  symmetri¬ 
cally,  we  have  A^  =  Af1(  Aj2  =  A22,  and  Af2  =  -Af2, 
A±  =  A  and  the  formula  for  the  energy  resolution  becomes 


a 


2 

W 


2  det  A 

~hT 


(9) 


In  the  absence  of  collision  (£o  —  0)  we  can  assume  the 
following: 


ju  -(  0°v4  +  DU^) 
*  "  l  ±A>He0)2 


±A>K0)2  \ 
(^°)2  ) 


(10) 
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which  implies  [10] 


4  DISCUSSIONS 


3  EQUILIBRIUM  ENVELOPE 

The  equilibrium  value  of  the  envelope  matrix  a,  where 

Ot j  =  ((Xi  -  Xi)(Xj  -  Xj)),  ( 


In  Fig.  1  we  show  that  the  energy  resolution  crw  increases 
rapidly  with  £o  and  approaches  its  nominal  value  <r9,  then 
making  the  monochromatization  less  effective  or  even  use¬ 
less.  This,  obviously,  gives  a  more  stringent  limit  for  the 
maximum  value  of  £0  than  the  single  particle  instability  [4], 
Furthermore,  from  Fig.  1,  it  is  clear  that  this  effect 
weakly  depends  on  the  betatron  tunes  and  is  almost  in- 
dipendent  on  the  synchrotron  ones. 


is  determined  by  the  following  equation  [9]: 

a  =  Mb16/2[AMarc(r(AMarc)t  +  (I  -  A 2)B\(MU)1/a, 

(13) 

where 

A  =  H0B0A(H0B0)-\  E  =  H0B0E{H0B0)\  (14) 

A  =  diag(Xy,Xy,l,X2z),  E  =  diag(e°y,el,e°z,e°z). 

(15) 

A VtZ  —  exp(l /Ty<z)  being  the  damping  constants  and  eyz 
the  nominal  emittances.  The  one  turn  matrix  from  IP  ( s  = 
0)  to  IP  is  [5]: 

M  =  Ml'2MarcMll2  (16) 

where: 

Marc  =  M(0_,0+)  =  Ho  Bo  Marc  B^Hq1,  (17) 


Figure  1 :  The  energy  resolution  aw  versus  £o  with  Do  = 
0.4m  and  other  parameters  are  in  Table  2. 


Marc  =  diag(r(n0y),r{n°z)),  B0  =  diag(b°y,b°z),  (18) 
with 

Mz)  =  (  COSM°v  sin/ir  ),  (i9) 

Ky,z'  V  ~sm^y,z  cos  gl,z  )' 
b°yz  =  diagi^Jff-,  1 7-^1). 


Table  1:  Legenda  of  Figure  1 


line 

j/u+ 

V 

V 

v°+ 

beams 

dash-dot 

0.05 

0.05 

0.03 

-0.03 

asymmetric 

dash 

0.1 

0.05 

0.03 

-0.08 

asymmetric 

solid 

0.1 

0.05 

0.03 

0.03 

asymmetric 

dot 

0.05 

0.05 

0.03 

0.03 

symmetric 

—  27 n/°,  i/°  being  the  nominal  tune,  /3y  z  the  nominal 
betatron  functions  at  IP  (/3Z  =  crz/az,  az  being  the  nom¬ 
inal  bunch  length),  and  Do  the  dispersion  at  IP.  Note  that 
Ho,  Bq,  and  Marc  are  symplectic.  Finally  the  beam-beam 
interaction  is  described  as  a  linear  kick 


Mbb 


1  0  0  0  \ 

— 47t£o//3°  1  0  0 

0  0  10’ 
0  0  0  1  / 


(21) 


with  £o  being  the  vertical  (nominal)  beam-beam  parameter 


2ir'yreN(3y 
27rj(T°  (O-O  +  (T°)  ' 


(22) 


Note  that  the  nominal  synchrotron  tune  uz  is  negative  for 
conventional  electron  machines  with  positive  momentum 
compaction  factor  ap,  and  we  have  assumed  that  there  is 
only  one  IP  which  is  a  symmetric  point  with  respect  to  be¬ 
tatron  and  synchrotron  motions.  We  have  also  implicitly 
assumed  that  dispersion  does  not  exist  in  cavities. 


Table  2:  Parameters  for  both  beams 


A 

4 

0.03m 

& 

26.3m 

410~9m 

3.810~6m 

/T° 
u  e 

3.810-4 

*2 

0.01m 

Ty 

1000 

Tz 

500 

The  reason  of  the  rapid  growth  of  the  energy  resolution 
with  £0  is  due  to  one  of  <7\\  and  in  particular  of  <t22  [8], 
hence  of  the  vertical  and  longitudinal  emittances  respec¬ 
tively.  They  increase  in  a  similar  manner  regardless  of  the 
sign  of  v®,  even  if  for  negative  vz  the  increase  might  be 
easier  to  understand,  because  the  system  is  unstable  [4]. 

The  emittances  are  obtained  from  the  envelope  matrix  a 
as  follows: 

Eigenvalues!  Jcr]  =  {iey,  —iey,iez,  —iez}.  (23) 

In  Fig.2  we  plot  the  emittances  ey<z  as  functions  of  £o>  for 
uz  —  0.08.  This  shows  that  the  longitudinal  emittance  e2is 
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influenced  considerably  by  the  the  beam-beam  force.  This 
effect  has  been  usually  overlooked  in  the  literature  where 
the  synchrotron  oscillation  is  assumed  to  be  unaffected. 
Also,  the  vertical  emittance  ey  grows  up  quite  rapidly. 


[4]  S.  Petracca  and  K.  Hirata,  Phys.  Rev.  D59, 1,  R  40  (1999). 

[5]  K.  Ohmi,  K.  Hirata  and  K.  Oide,  Phys.  Rev.  E-49,  751 
(1994). 

[6]  S.  X.  Fang  et  al.  Part.Acc.  51,  15  (1995). 

[7]  K.  Hirata,  H.  Moshammer  and  F.  Ruggiero,  Part.  Acc.  40, 
205  (1993). 

[8]  S.  Petracca  and  K.  Hirata,  KEK  Preprint  97-28  (1996). 

[9]  K.  Hirata  and  F.  Ruggiero,  Part.  Acc.,  28, 137  (1990). 

[10]  M.  Bassetti  and  J.  M.  Jowett,  IEEE  Proc.  of  the  PAC  1987, 
115(1987). 


Figure  2:  The  synchrotron  emittance  tz  (top)  and  the  be¬ 
tatron  one  c.y  (bottom)  as  functions  of  £o  with  vz o  =  0.08 
and  all  other  parameters  are  listed  in  Table  2. 


As  conclusion,  within  the  linear  analysis  used  in  this  pa¬ 
per,  it  seems  difficult  to  avoid  this  dangerous  effect.  How¬ 
ever  there  can  be  some  other  effects  in  nonlinear  regime 
which  is  worth  to  study.  In  deciding  the  machine  parame¬ 
ters  one  should  pay  enough  attention  to  the  energy  resolu¬ 
tion. 
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Electron  Beam  Distortions  in  Beam-Beam  Compensation  Setup 

V.  Shiltsev,  FNAL,  Batavia,  IL  60510 
and  A.  Zinchenko,  JINR,  Dubna,  Russia 


Abstract 

This  article  is  devoted  to  electron  beam  distortions  in  the 
“electron  compressor”  setup  for  beam-beam  compensation 
in  the  Tevatron  collider.  The  distortions  are  due  to  interac¬ 
tion  of  the  electron  beam  with  impacting  elliptical  antipro¬ 
ton  beam.  We  estimate  of  longitudinal  magnetic  field  nec¬ 
essary  to  keep  the  distortions  low. 

1  INTRODUCTION 

Compensation  of  the  beam-beam  effects  in  the  Tevatron 
with  use  of  high  current,  low  energy  electron  beam  is  dis¬ 
cussed  in  [1].  The  electron  beam  travels  in  the  direction  op¬ 
posite  to  the  antiproton  beam  and  interacts  with  an  antipro¬ 
ton  bunch  via  its  space  charge  forces.  The  proton  beam  has 
to  be  separated  from  the  electron  and  antiproton  beams.  A 
10  kV  electron  beam  about  2-m  long,  2-mm  diameter,  with 
1-2  Amperes  of  current  is  to  be  installed  in  a  place  with 
large  beta- function^  1 00m),  away  from  the  main  interac¬ 
tion  points.  Experimental  results  from  an  “electron  lens” 
prototype  set-up  are  discussed  in  [2].  The  electron  beam 
is  born  on  an  electron  gun  cathode,  transported  through  the 
interaction  region,  and  absorbed  in  the  collector.  Strong 
longitudinal  magnetic  field  plays  a  significant  role  in  main¬ 
taining  stability  of  both  electron  and  antiproton  beams.  It 
also  suppresses  the  electron  beam  current  distribution  dis¬ 
tortions  and,  therefore,  the  electron  space  charge  force  dis¬ 
tortions. 

This  article  is  focused  on  the  time-dependent  deviations 
of  the  electron  beam  shape  due  to  interaction  with  antipro¬ 
ton  beam  in  the  “electron  lens”  [3]. 

2  ELECTRON  BEAM  DISTORTIONS 

ZBEAM  code  [4]  is  used  for  tracing  electron  trajecto¬ 
ries.  This  is  essentially  two  dimensional  code  which  takes 
into  account  only  transverse  components  of  the  electric  and 
magnetic  forces.  It  is  a  good  approximation  for  the  forces 
due  to  ultra-relativistic  p  bunch.  The  electrons  are  non- 
relativistic,  but  their  space  charge  forces  are  mostly  trans¬ 
verse,  too.  The  code  tracks  number  of  particles  by  integrat¬ 
ing  their  equations  of  motion  over  successive  small  time 
steps. 

Interaction  with  round  p  bunch  in  strong  magnetic  field 
conserves  axial  symmetry  and  radial  size  of  the  electron 
beam.  As  the  result,  the  electron  beam  space  charge  forces 
are  the  same  for  antiprotons  at  the  head  and  at  the  tail  of 
the  p  bunch.  That  is  no  longer  true  if  electron  or  antiproton 
beam  is  not  round.  Roundness  of  the  electron  beam  can  be 
assured  by  using  round  cathode  in  the  electron  gun  and  by 


appropriate  choice  of  the  magnetic  field  in  the  transport  sec¬ 
tion  of  the  set-up.  In  opposite,  the  p  beam  roundness  can  be 
achieved  in  very  few  Tevatron  locations  where  vertical  and 
horizontal  beta-functions  are  the  same  (3X  =  (3y  (vertical 
and  horizontal  emittances  of  1000  GeV  beams  in  the  Teva¬ 
tron  are  approximately  equal  «  3.37T  mm  •  mrad). 
This  condition  can  not  be  fulfilled  a  priori.  E.g.,  at  present 
stage  we  consider  to  install  one  of  the  “electron  lens”  de¬ 
vices  at  the  Tevatron  F48  location  which  is  characterized  by 
fix  —  101.7  m  and  f}y  =  30.9  m,  and,  consequently,  therms 
bunch  sizes  are  ox  =  0.61mm  and  ay  =  0.31mm  [2], 

Fig.l  shows  what  happens  with  round  electron  beam  (ra¬ 
dius  ae  =  0.31mm)  when  it  interacts  with  such  an  antipro¬ 
ton  beam  being  in  2T  solenoid  field.  ZBEAM  code  is  used 
for  the  electric  field  calculations  and  electron  tracing.  Top 
left  plot  shows  an  ellipse  which  corresponds  to  1(7  of  the 
Gaussian  p  bunch  and  a  circle  of  the  electron  beam  cross 
section  uniformly  filled  with  electron  macroparticles  before 
the  interaction  with  p-s.  Top  right  plot  demonstrates  traces 
of  the  electrons  under  impact  of  asymmetric  electric  field 
of  the  antiproton  bunch.  Resulted  macroparticle  positions 
and  the  shape  of  the  electron  beam  in  x  -  y  and  r  —  <f> 
planes  are  shown  in  lower  left  and  right  plots  of  Fig.l  re¬ 
spectively.  One  can  see  that  the  electron  beam  becomes  a 
rotated  ellipse  to  the  moment  when  the  tail  of  antiproton 
bunch  passes  through  it,  while  the  head  of  the  bunch  sees 
originally  undisturbed  round  electron  beam.  This  might 
be  of  concern  because  of  two  reasons:  1)  there  appears  a 
“head-tail”  interaction  in  the  p  bunch  via  higher  than  dipole 
wake  fields  propagating  in  the  electron  beam;  2)  in  addi¬ 
tion  to  useful  defocusing  effect,  electric  fields  of  the  elliptic 
electron  beam  produce  effective  x  —  y  coupling  of  vertical 
and  horizontal  betatron  oscillations  in  the  p  beam. 
Distortion  of  electron  density.  The  continuity  equation 
for  the  electron  charge  density  p(x,  y,  z,  t)  can  be  written 
as  +  Vd  •  VPo  =  0,  where  po  stands  for  initial  charge 
density,  and  drift  velocity  of  an  electron  in  crossed  electric 

and  magnetic  fields  E  and  B  is  equal  to  Vd  =  c^-E .  The 
resulted  distortion  due  to  elliptic  Gaussian  relativistic  p 
beam  is  given  by  [3]: 

Sf{x'v’t  =  irTKTc)  =  (Lj(-z,',dz')x 
2 eNpdp0(r2)  xyI{x,y)(o2x  -  cr2y) 

X  B  d(r 2)  '  al(72  ’  C  > 

where  now  z  is  the  coordinate  inside  the  p  bunch  1  and 

’i.e.  z  =  —  oois  for  the  bunch  head  and  \{z')dz'  is  proportional 

to  the  antiproton  charge  which  passed  through  the  given  part  of  the  electron 
beam. 


0-7 803-557 3-3/99/$  1 0.00  @  1999  IEEE. 
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B  =  2  T 
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Figure  1 :  Narrow  electron  beam  distortion  due  to  p  bunch. 
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'<0'°>  =  <Tfsr  R=°t  <2) 

Now  we  can  see  major  features  of  the  resulted  distortion: 

a)  it  is  absent  in  the  case  of  round  p  beam  when  ax  =  ay\ 

b)  it  performs  two  variations  over  azimuth  5p  cx  xy  ~ 
sin(20 );  3)  it  vanishes  with  the  solenoid  field  B  increase, 
or  with  decrease  of  antiproton  intensity  Np\  4)  most  of  the 
distortion  takes  place  at  the  radial  edge  of  the  electron  beam, 
and,  since  dpo(r2) /d(r2)  ~  p™ax /a2,  then  wider  electron 
beam  gets  smaller  density  distortions  during  the  interaction. 
Finally,  the  scaling  of  the  maximum  distortion  strength  is: 


Spmax  0.2 eNp  _  0.6[7Vp/6  •  IQ10] 
p™ax  a2B  a2[mm]B[kG] 


(3) 


■3.0  -2.5  -2.0  -1.5  -1.0  -0.5  0.0  0.5  1.0  1.5  20  2.5  3.0 


X 

Figure  2:  Distortions  5p/p  of  an  electron  beam  wider  than 
antiproton  beam  ae  =  2.5  •  ax.  x  and  y  coordinates  are 
given  in  units  of  ax. 


and  value  of  0.2  comes  from  geometrical  factor  oc  xy  ■ 
I(x,  y).  For  example,  the  distortion  is  about  3%  for  1  mm 
radius  electron  beam  in  B  —  20kG=2T  solenoid  field.  As 
soon  as  the  elliptic  distortion  is  excited,  it  starts  the  rota¬ 
tion  drift  in  the  crossed  fields  of  the  electron  space  charge 
and  the  solenoid  field.  Under  conditions  of  the  Tevatron 
beam-beam  compensation  setup  the  rotation  is  small.  E.g., 
one  gets  that  over  time  of  the  p  bunch  passage  ±2crz/c  = 
2ns,  the  angle  in  the  field  of  B  =  20kG  is  about  6d  ~ 
4jazae/(3eB  ~  O.lrad. 


Distortion  of  other  than  constant  electron  density  can 
be  calculated  analytically  with  use  of  Eq.(l).  For  exam¬ 
ple,  Fig.2  shows  contour  lines  of  the  electron  beam  dis¬ 
tortion  5p/p  in  the  case  when  initial  density  is  po{r)  = 
l+frAO^’  p  =  3,  with  ae  =  2.5  mm,  ax  =  0.61 
mm,  (Ty  =  0.31  mm  ),  the  antiproton  bunch  population 
Np  =  6  ■  1010,  the  magnetic  field  B  =  4kG.  Resulted  dis¬ 
tortion  5p/p  is  now  less  than  0.05. 
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X 

Figure  3:  Coupling  function  S(x,  y)  for  antiproton  betatron 
oscillations  with  a  wide  electron  beams. 


Coupling  due  to  distorted  electron  beam.  Electric  and 
magnetic  fields  of  the  elliptic  electron  beam  lead  to  ef¬ 
fective  x  -  y  coupling  of  vertical  and  horizontal  betatron 
oscillations  in  the  p  beam.  Since  originally  the  electron 
beam  is  round,  the  head  of  the  p  bunch  experiences  no  cou¬ 
pling  force.  But,  as  the  electron  density  distortion  grows 
as  fz  \(z')dz\  the  coupling  grows  proportionally.  Parti¬ 
cles  in  the  head  and  in  the  tail  of  the  bunch  change  their 
positions  while  performing  synchrotron  oscillations,  thus, 
an  average  coupling  effect  is  half  of  the  maximum  coupling 
spread.  The  average  coupling  can  be  corrected  in  the  Teva- 
tron,  while  there  are  no  tools  to  compensate  the  spread  in 
coupling.  Therefore,  the  spread  has  to  be  small  enough  in 
order  not  to  affect  p  beam  dynamics. 

The  tunes  of  a  small  amplitude  particle  can  be  written  as 


u± 


[Wx  +  At/*)  +  (vy  +  Ai/V)j 

—  - 


0.84[iVp/6  •  IQ10] 
o%[mm]B[kG ] 


•  <  S{x,y)  >  . 


(5) 


Brackets  <  ...  >  denote  averaging  over  antiproton  beta¬ 
tron  oscillations.  In  the  above  equation  we  used  an  approx¬ 
imate  relation  (3X  «  3/3y.  Fig.3  shows  numerical  factor 
S{x,y)  for  electron  distributions  p0  (r)  =  1+{  4  ,  p  = 

3, with  ae  =  2.5crx.  The  maximum  value  of  tnis  factor  of 
Smax(x,  y)  =0.13.  The  coupling  vanishes  for  small  beta¬ 
tron  amplitude  particles  and  at  very  large  amplitudes.  The 
effect  is  larger  in  the  plane  of  the  longer  antiproton  ellipse 
axis  (horizontal  in  our  case). 

For  example,  having  parameters  crx  =  0.61mm,  1 Np  = 
6  •  1010,  Avx  ~  0.01  we  get  maximum  numerical  factor 
is  about  <  S(x,y)  >maxa  0.5  •  Smax(x)  y),  i.e.  0.065 
for  ae  =  2.5(7*.  Now,  with  solenoid  field  of  B  =  2T,  one 
gets  the  maximum  coupling  spread  |k|  ~  7  •  10~5  for  the 
electron  beam.  The  value  is  rather  small  with  respect  to  the 
Tevatron  global  coupling  correction  goal  of  about  0.001. 


3  CONCLUSION. 

We  have  considered  distortions  of  the  electron  beam 
density  due  to  interaction  with  an  antiproton  beam  in  the 
beam-beam  compensation  set-up.  For  a  given  number  of 
antiprotons  per  bunch,  both  the  electron  density  distortion 
and  the  coupling  due  to  the  distortion  are  inversely  propor¬ 
tional  to  the  magnetic  field  B  in  the  set-up.  In  the  case  when 
the  transverse  sizes  of  the  electron  and  antiproton  beams 
are  about  the  same  (as  it  should  be  in  the  nonlinear  electron 
lens  for  compensation  of  nonlinear  beam-beam  effects  in 
the  Tevatron),  one  needs  more  than  2T  longitudinal  field  to 
keep  the  electron  charge  distribution  distortions  less  than 
3%  with  respect  to  original  axisymmetric  distribution  and 
the  spread  of  the  coupling  |k|  less  than  4  •  10~4.  Electron 
beam  m  the  linear  electron  lens  (for  compensation  of  the 
bunch-to-bunch  tune  spread)  has  to  be  2-3  times  wider  than 
the  antiproton  beam,  and  because  of  that  in  the  same  field 
of  B  —  2T  the  distortion  5p/p  is  smaller,  less  then  1%, 
and  the  coupling  spread  in  the  antiproton  bunch  becomes 
negligible  |k|  <  7  •  10-5. 


4 


(vx  +  Al/X)  -  {uy  +  A  Vy) 


+  |k  +  Ak|2,  (4) 


where  vx  and  vy  are  the  unperturbed  horizontal  and  verti¬ 
cal  tunes,  in  the  current  Tevatron  lattice  they  are  0.585  and 
0.575  correspondingly,  k  is  a  complex  number  describing 
the  coupling.  For  a  satisfactory  operation  of  the  Tevatron 
collider,  the  global  coupling  is  corrected  down  to  value  of 
|/c|  «  0.001  [5].  A’s  in  Eq.(4)  represent  the  changes  of 
these  quantities  that  arise  from  the  interaction  with  the  elec¬ 
tron  beam.  E.g.,  the  horizontal  tune  shift  due  to  electron 
lens  is  about  Avx  =  -0.01.  The  maximum  coupling  shift 
can  be  calculated  from  Eq.(l): 


|k|  «  ]Az/x| 


eNp 

2v/3crf£ 


•  <  S(x,y)  >« 
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Abstract 

For  performing  mini-  P  colliding  on  Beijing  Electron 
Positron  Collider(BEPC),  high  RF  voltage  is  supplied  for 
shortening  the  bunch  length,  but  beam  experiments  show 
that  high  RF  voltage  results  in  the  luminosity  decrease. 
The  conclusions  of  detailed  study  are  that ,  for  BEPC,  the 
averaging  over  the  betatron  phase  during  the  collision  has 
occurred.  The  ratio  of  bunch  length  over  beta  function  at 
interaction  point  is  too  small  ,  and  the  mitigating  of 
averaging  over  the  betatron  phase  causes  the  luminosity 
decreases. 


1  INTRODUCTON 

Mini-P  scheme  is  one  of  the  most  important  way  of 
Beijing  Electron  Positron  Collider(BEPC)  luminosity 
upgrades.  For  performing  Mini-P  scheme  on  BEPC,  high 
RF  voltage  is  supplied  for  shortening  the  bunch  length. 
But  the  abnormal  phenomenon  was  observed  during 
machine  study  [1].  For  2.015GeV  colliding  mode,  the 
vertical  beam  size  cry  increases  with  the  RF  voltage 
increasing  and  result  in  the  luminosity  decrease.  Learned 
from  the  machine  study  that  the  increase  of  ay  is 
correlated  with  the  beam-beam  interactions,  but  we  did 
not  know  why  and  how  to  overcome  it.  This  abnormal 
phenomenon  seriously  influenced  on  the  performance  of 
the  Mini-P  scheme.  Here,  authors  are  aiming  to  explain 
the  abnormal  phenomenon  and  overcome  it. 

The  higher  RF  voltage  not  only  shorten  the  bunch 
length,  but  also  increase  the  synchrotron  frequency.  Here  , 
our  study  are  concentrated  on  the  effects  of  bunch  length, 
and  for  the  change  of  the  synchrotron  frequency  induced 
by  the  RF  voltage,  as  shown  in  the  later  simulation  and 
machine  study,  do  not  influence  on  the  vertical  beam  size 
and  luminosity  obviously.  We  also  can  know  from  the 
beam  experiments  that  the  synchrotron  betatron 
resonance  is  not  the  reason  of  the  abnormal  phenomenon. 

The  "hourglass"  effect  lets  the  luminosity  increase  with 
the  increasing  of  the  ratio  py7cs ,  where  Py*  is  the  vertical 
P  function  at  the  interaction  point,  and  o,  is  the  bunch 
length.  On  the  other  hand,  there  is  another  bunch  length 
effect  on  beam-beam  interaction,  i.e.  effect  of  averaging 
over  the  betatron  phase.  In  BEPC,  this  effect  occurred. 


For  the  finite  bunch  length,  the  beam-beam  force 
experienced  by  a  particle  does  not  act  on  a  betatron  phase 
point,  but  a  phase  interval.  The  total  beam-beam  force  is 
"averaged"  by  the  phase  interval.  For  the  resonance 

pvy  =  m  p,m  integer,  (1) 

in  which  vy  is  the  betatron  tune,  the  effect  of  averaging 
decreases  the  resonance  strength.  Roughly  speaking,  the 
effect  is  proptional  to  the  size  of  the  interval .  The  size  of 
phase  interval  is 


one  can  obtain  that  the  smaller  py'/as  contributed  more  to 
increase  the  effect  of  the  averaging  over  betatron  phase  as 
well  as  to  decrease  of  the  resonance  strength.  This  agrees 
to  the  result  of  theoretic  derivation  [2]. 

In  BEPC  machine  study,  we  found  that  for  2.015GeV 
mini-P  mode,  when  the  nominal  value  of  Py’  is  5cm,  the 
measurement  value  is  about  8.7cm,  and  Py*/as  >1.5.  Just 
under  this  condition  ,  the  special  phenomenon  that  the  ay 
increase  with  increasing  of  RF  voltage,  resulting  in  the 
decrease  of  the  luminosity.  So  we  infer  that  the  increase 
of  the  vertical  beam  size  resulting  from  high  RF  voltage 
is  related  to  the  decrease  of  the  effect  of  averaging  over 
betatron  phase  resulting  from  the  compression  of  the 
bunch  length.  This  reference  is  supported  by  the  later 
simulation  and  results  of  machine  study. 

2  SIMULATION 

The  code  BBC(Beam  Beam  with  Crossing  angle)  [4], 
with  little  modification,  was  used  in  beam-beam 
interaction  simulations.  The  bunch  length  used  in 
simulation  is  calculated  by  the  following  scaling  law, 

Ib(mA)a_  — 

a.  (cm)  =  0.65 1  *  (— - —$■) 349  (3) 

E(GeV)Vj 

which  is  given  by  the  bunch  length  measurement  with 
stream  camera,  and  a  is  momentum  compaction  factor. 
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2.1  Simulation  results  of  2.0 15 GeV 

In  the  first  two  figures  give  simulation  results  of  total  6 
different  working  point,  vx=5.81,  vy  is  from  6.75  to  6.80, 
with  step  0.01,  and  under  the  different  RF  voltage, 
compare  the  luminosity. 

Fig.l  shows  the  simulation  results  with  parameters  of 
E=2.015GeV,  py’=8.7cm,  bunch  intensity  Ib=35mA.  One 
can  obtain  from  Fig.l  that  the  luminosity  with  RF  voltage 
0.9MV  is  higher  than  the  one  with  RF  voltage  1.5MV, 
except  one  working  point.  So  when  Py*  is  larger  than 
nominal  value,  luminosity  decrease  with  RF  voltage 
increase.  Then  if  we  set  py‘=5cm(nominal  value),  how 
about  the  results? 

Fig.2  shows  the  simulation  results  with  same 
parameter  as  Fig.l,  except  Py’=5cm.  One  can  learn  from 
Fig.2  that  luminosity  increase  with  RF  voltage  increase, 
totally  contrary  to  the  Fig.l. 

In  Fig.l  and  Fig.2,  all  the  parameters  except  Py*  are 
same,  but  the  results  are  totally  different.  From  this  we 
also  can  draw  another  conclusion  that  the  synchrotron 
frequency  changed  with  RF  voltage  do  not  influence  the 
luminosity  obviously. 


Fig.l  Luminosity  vs.  RF  voltage  with  E=2.0GeV,  (3y  =8.7cm 


Fig.2  Luminosity  vs.  RF  voltage  with  E=2.0GeV,  py  =5cm 

2.2  Simulation  results  of  1.548  GeV  mode 

The  simulation  results  of  2.0GeV  colliding  mode  are 
given  in  the  above  section.  We  are  more  interesting  in  the 
1.548GeV  mini-p  colliding  mode,  because  now  BEPC  is 


running  on  JAy  (1.548Gev)  energy  region,  and  the  later 
machine  study  are  also  at  1.548GeV  colliding  mode.  So 
we  can  compare  the  machine  study  results  with  the 
simulation  here  directly. 

Fig.3  shows  the  simulation  results  with  E=1.548GeV, 
py'=5cm,  bunch  intensity  Ib=15mA,  and  gives  simulation 
results  of  total  6  different  working  point,  vx=5.81,  vy  is 
from  6.73  to  6.78,  with  step  0.01.  One  can  obtain  that  the 
luminosity  with  RF  voltage  0.85MV  is  higher  than  the 
one  with  RF  voltage  0.30  MV,  except  one  working  point 
(5.81,6.71),  which  close  to  resonance  3vx+2vy+2v=4  . 

Fig.4  gives  the  simulation  results  with  Py’=8.5cm,  same 
energy  and  bunch  intensity  as  Fig.3.  Totally  10  working 
points,  vx=5.81,  vy  is  from  6.67  to  6.76,  with  step  0.01, 
are  involved  in  the  simulation.  The  figure  tell  us  that  the 
result  here  is  not  only  different  from  Fig.3,  but  also 
different  from  Fig.2.  The  luminosity  do  not  vary  with  RF 
voltage  regularly.  From  Fig.5  in  the  later  section,  we  can 
get  the  answer:  under  this  condition,  Py7as  is  too  large  to 
observe  varying  of  luminosity  with  different  RF  voltage. 


0. 73  0. 74  0. 75  0. 76  0. 77  0. 78 

tune-y 

Fig.3  Luminosity  vs.  RF  voltage,  E=1.5GeV,  Py*=5cm 


Fig.4  Luminosity  vs.  RF  voltage,  E=1.5GeV,  py*=8.5cm 

2.3  Simulation  study  on  the  relation  between 
luminosity  and  a /  in  BEPC 

In  the  above  simulation  study,  our  purpose  is  to  observe 
how  the  luminosity  change  with  higher  and  lower  RF 
voltage,  and  so  only  two  RF  voltage  value(bunch  length) 
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were  simulated.  According  to  the  theoretic  analysis,  for 
the  existing  of  "hourglass"  effect  and  averaging  over 
betatron  phase,  how  will  the  luminosity  vary  with  oJ\ 3y* 
continuously?  For  BEPC,  is  there  the  most  optimal  a/Py" 
which  give  highest  luminosity?  If  there  is,  what  its  value 
is?  To  answer  these  questions,  a  group  of  simulations 
were  done.  Different  from  the  above  simulations,  here 
synchrotron  frequency  vs  do  not  change  with  RF  voltage. 


sigmas/betay 


Fig.5  Relations  between  luminosity  and  a/P  in  BEPC 

Fig.5  shows  the  simulation  results  of  two  working 
points  (5.81,6.75)  and  (5.81,6.77).  We  can  obtain  that  the 
most  optimal  value  of  o/Py"  is  about  0.9—1 .1  . 

3  MACHINE  STUDY 

Machine  study  is  done  at  1.548GeV  mode.  Under  the 
condition  of  py‘=8.5cm  and  py'=5cm,  change  RF  voltage, 
and  oberserve  the  change  of  luminosity.  RF  voltage  was 
changed  from  0.3MV  to  0.85MV.  For  each  given  RF 
voltage,  five  luminosity  readings  are  recorded  to  reduce 
the  measurement  error  of  luminosity.  The  bunch  intensity 
should  decrease  during  the  changing  of  the  RF  voltage, 
and  this  change  are  corrected  by  when  process  data. 
In  the  following  figures  the  line  indicates  the  average 
value. 


Fig.6  Machine  study  results,  E=1.548GeV,  py*=8.5cm 


1  2  3  4  5 

Fig.7  Machine  study  results,  E=1.548GeV,  py=5cm 

The  machine  study  results  of  py*=8.5cm  mode  are 
shown  in  Fig.6,  in  which  the  luminosity  decrease  with 
the  increase  of  RF  voltage.  Fig.7  shows  the  results  of 
Py’=5cm,  the  luminosity  increase  with  the  increase  of  RF 
voltage,  as  predicted  by  theoretic  analysis  and  simulations. 

4  CONCLUSIONS 

The  study  on  problem  of  the  beam-beam  effects  which 
come  from  mini-P  scheme  BEPC  luminosity  upgrades 
draws  the  following  conclusions: 

For  BEPC,  the  bunch  length  o5  influences  the  beam- 
beam  interaction  mainly  through  the  "hourglass"  effect 
and  averaging  over  the  betatron  phase  during  the  collision, 
and  these  two  contrary  effects  make  the  luminosity  be 
maximum  only  when  as/Py*  is  near  the  optimal  value.  If 
aj Py*  is  more  than  the  optimal  value,  the  luminosity 
decreases  resulting  from  the  hourglass  effect,  and  if  the 
as/Py*  is  less  than  the  optimal  value,  the  luminosity 
decreases  resulting  from  mitigating  of  averaging  over  the 
betatron  phase  as  well  as  the  increasing  of  resonance 
strength.  The  most  optimal  value  of  <?s/py*  for  BEPC 
given  by  the  simulation  is  about  0.9—1 . 1 .  All  the  recorded 
machine  study  results  about  bunch  length  influencing  on 
luminosity  agree  to  the  theoretic  analysis  and  simulations. 
At  the  suitable  range  of  a/Py*  ,the  luminosity  can  be 
increased  by  shortening  the  bunch  length,  for  BEPC,  as 
well  as  increasing  of  RF  voltage. 
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Abstract 

Major  recent  developments  at  CRYRING  include  the 
installation  of  a  superconducting  gun  solenoid  on  the 
electron  cooler  one  and  a  half  years  ago,  the  construction 
of  a  gas  target  for  studies  of  fast  ion-atom  collisions  that 
will  be  operating  in  the  late  spring  of  this  year,  and  an 
ECR  ion  source  on  a  high-voltage  platform  that  will  be 
used  as  an  additional  injector  into  CRYRING.  Smaller 
projects  relate  to  the  continuous  requests  for  new  atomic 
and  molecular  ions  in  the  ring,  including  now  negative 
ions,  which  leads  to  a  demand  for  new  detector  positions 
and,  since  these  ions  often  are  difficult  to  produce  in  an 
ion  source,  also  to  improvements  of  the  diagnostics  of 
weak  beams  in  injection  lines  and  in  the  ring. 

1  ELECTRON  COOLER 

The  electron  cooler  was  rebuilt  during  the  summer  of 
1997  for  the  installation  of  a  superconducting  gun  sole¬ 
noid  and  a  new  electron  gun  of  4  mm  diameter  [1].  The 
aim  with  this  modification  was  to  reduce  the  transverse 
electron  temperature  further  and  to  improve  the  condi¬ 
tions  for  experiments  with  electron-ion  recombination. 

The  superconducting  magnet  has  a  nominal  maximum 
field  of  5  T,  but  it  is  usually  run  at  3  T  together  with 
300  G  in  the  rest  of  the  cooler  magnets.  This  gives  an 
adiabatic  electron-beam  expansion  with  a  factor  of  100 
and,  theoretically,  a  reduction  of  the  transverse  energy 
spread  of  the  electrons  from  100  meV  to  1  meV.  With  the 
new  electron  gun  of  4  mm  diameter,  the  electron-beam 
diameter  in  the  cooling  section  will  then  be  40  mm  as 
before  the  introduction  of  the  beam  expansion. 

Some  measurements  of  the  longitudinal  drag  force  with 
the  100  times  beam  expansion  have  been  performed. 
They  showed  an  increase  in  the  drag  force  compared  with 
the  data  for  10  times  beam  expansion  by  25-50%  at 
relative  velocities  in  the  vicinity  of  the  drag-force  maxi¬ 
mum.  This  increase  is  presumably  larger  than  the  meas¬ 
urement  errors,  but  it  is  possible  that  the  longitudinal 
electron  temperature  in  the  new  measurements  was  lower 
than  in  those  with  10  times  expansion  since  the  new 
electron  gun  is  of  a  different  construction.  This  may  then 
explain  some  of  the  effect.  The  longitudinal  drag  force 
thus  still  agrees  reasonably  well  with  a  binary-collision 
model  with  a  value  of  kT±  approximately  equal  to  3  meV 
[2],  Note,  however,  that  this  model  does  not  include  the 
effect  of  the  magnetic  field  in  the  cooler,  and  the  com¬ 


parison  thus  does  not  necessarily  mean  that  kTx  actually 
is  3  meV. 

Preliminary  studies  with  the  new  cooler  where  the  ex¬ 
pansion  ratio  has  been  changed  have  also  been  made,  and 
here  the  difference  between  10  and  100  times  expansion 
was  of  the  same  size  as  the  measurement  errors. 

To  some  extent,  information  about  the  transverse  drag 
force  can  be  obtained  by  studying  so-called  transverse 
Hopf  bifurcations  [3-4],  When  an  angle  is  introduced 
between  the  ion  and  the  electron  beam,  a  transverse 
instability  will  occur  at  an  angle  where  the  transverse 
electron  velocity  (relative  to  the  ion  beam)  exceeds  the 
velocity  where  the  transverse  drag  force  has  its  maxi¬ 
mum.  The  ions  will  then  start  to  perform  transverse 
oscillations  with  an  amplitude  that  depends  on  the  elec¬ 
tron-beam  angle. 

We  measured  the  oscillation  amplitude  using  a  beam 
profile  monitor  and  compared  the  measured  profile  with 
tracking  results.  These  profiles  have  the  form  of  two 
distinct  peaks  whose  separation  corresponds  to  the 
oscillation  amplitude  and  weaker  intensity  between  the 
peaks.  The  tracking  program  uses  a  drag  force  calculated 
in  three  dimensions  according  to  the  model  described  in 
ref.  [2]  and  include  such  effects  as  betatron  oscillations, 
dispersion,  the  space  charge  of  the  electron  beam,  and  the 
position  and  alignment  of  the  electron  beam  relative  to 
the  ion  beam. 

Figure  1  shows  a  preliminary  comparison  between 
measurements  and  tracking  simulations.  The  shape  of  the 
curves  are  reasonably  similar,  showing  a  sharp  threshold 
for  the  onset  of  the  transverse  oscillations,  and  again  the 
measurements  seem  to  agree  with  the  binary-collision 
model  with  a  kTL  somewhere  in  between  1  and  10  meV. 

The  most  accurate  way  of  measuring  the  electron  tem¬ 
perature  is  to  look  at  the  peak  shape  of  sharp  recombina¬ 
tion  resonances.  The  asymmetry  of  such  peaks  that  occur 
provided  that  the  relative  energy  between  ions  and 
electrons  is  sufficiently  low  makes  it  possible  to  deter¬ 
mine  the  transverse  and  longitudinal  temperature  simulta¬ 
neously.  In  order  to  be  sensitive  to  temperatures  as  low  as 
around  1  meV,  the  recombination  resonances  should  be  at 
a  relative  energy  of  at  most  10  meV,  preferably  lower.  In 
addition,  the  peak  should  be  well  apart  from  other  reso¬ 
nances  and  must  have  a  narrow  natural  line  width.  The 
best  systems  studied  so  far  at  CRYRING  is  [5]  and  F6* 
[6],  where  the  two  latter  criteria  are  essentially  fulfilled, 
but  where  the  resonance  energy  is  somewhat  too  high 
(0.17  and  0.12  meV,  respectively).  Although  the  high 
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resonance  energy  gives  some  uncertainty,  the  best  fits  to 
the  peak  shapes  gave  a  transverse  electron-energy  spread 
of  about  3  meV  in  both  cases. 


Angle  (mrad) 

Figure  1 :  Beam  width,  defined  as  the  peak  separation  (see 
text),  as  a  function  of  electron-beam  misalignment.  The 
left  curve  is  tracking  results  with  a  theoretical  drag  force 
and  *71=1  meV  and  the  right  curve  with  kTi=\0  meV. 
The  middle  curve  represents  measured  values. 

Several  facts  thus  points  at  a  transverse  energy  spread 
that  is  higher  than  the  expected  1  meV,  but  there  remains 
to  make  a  conclusive  measurement.  It  could  also  be  noted 
that  we  do  not  expect  that  the  straightness  of  the  magnetic 
field  in  the  cooling  solenoid  (which  was  carefully  meas¬ 
ured  when  the  cooler  was  built)  or  a  misalignment  be¬ 
tween  ion  and  electron  beams  could  explain  the  observed 
transverse  temperature. 

2  ECR  ION  SOURCE 

An  ECR  ion  source  has  now  been  installed  at  the  labora¬ 
tory.  The  source  as  such  has  been  tested,  and  work  with 
the  beamlines  that  will  connect  it  to  the  experimental 
facilities  is  in  progress.  We  expect  that  it  will  be  able  to 
deliver  ions  to  the  storage  ring  next  year. 

The  ion  source  is  a  single  stage  HYPERNANOGAN 
device  delivered  by  Pantechnik.  It  has  an  operating 
frequency  of  14.5  GHz  and  a  maximum  rf  power  of 
2  kW.  The  solenoidal  field  is  generated  by  an  electro¬ 
magnet,  while  the  hexapolar  field  is  given  by  permanent 
magnets.  The  magnetic  structure  enables  a  future  upgrade 
to  18  GHz.  Extraction  voltages  of  up  to  30  kV  can  be 
used. 

The  ECR  source  with  its  cw  beams  of  heavy  ions  in 
intermediate  charge  states  will  serve  as  a  complement  to 
the  present  EBIS  source  both  for  injection  into  the  ring 
and  for  atomic  collision  and  surface  physics  with  the  ions 
directly  from  the  source.  It  will  also  be  able  to  deliver 
singly  charged  atomic  and  molecular  ions,  for  which  the 
high-voltage  platform  will  facilitate  injection  into  the  ring 
in  some  cases. 

In  order  to  improve  the  injection  into  the  ring  and  to 
allow  a  wider  range  of  experiments  using  ions  directly 


from  the  source,  the  ECR  is  mounted  on  a  300  kV  high- 
voltage  platform.  On  the  platform,  and  separated  from  the 
source  by  an  einzel  lens,  is  a  102°  double-focusing 
analysing  magnet.  Due  to  space  restrictions  and  ripple 
and  leakage  current  considerations,  the  300-kV  platform 
is  separated  into  two  units.  The  350-kVA  motor-generator 
unit  and  the  300-kV  2.5-mA  Glassman  high-voltage 
supply  are  placed  in  another  hall  and  connected  to  the 
ECR  platform  by  40  m  long  high-voltage  cables.  The 
platform  will  be  fully  enclosed  in  a  metal  cage,  and  in 
order  to  limit  the  risk  for  flashover  and  to  protect  person¬ 
nel,  the  inner  cage  will  in  addition  be  enclosed  in  an  outer 
cabinet,  separated  by  a  least  60  cm  from  the  inner  shield. 

After  installation  on  the  platform,  an  acceptance  test  of 
the  source  was  performed.  The  three  injection  systems, 
gas  only  (Ar),  furnace  for  molten  metals  (Pb),  and  sput¬ 
tering  for  metals  and  compounds  (Ta)  were  tested,  and 
the  currents  obtained  were  in  fair  agreement  with  the 
values  guaranteed  by  the  manufacturer.  Table  1  shows 
some  of  the  results  of  these  tests,  as  well  as  the  result 
when  the  source  was  running  in  the  so-called  afterglow 
mode. 

Table  1 :  Examples  of  measured  ion  currents  in  electrical 
pA  during  the  acceptance  test  for  various  charge  states  q. 
♦Afterglow  mode  in  which  case  the  current  in  continuous 
mode  was  24  pA. 
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11 

12 

14 

20 

24 

25 

Ar 

300 

125 

60 

8 

Ta 

26 

24 

Pb 

30 

Ar" 

60 

3  GAS  TARGET 

A  gas-jet  target  to  be  installed  in  CRYRING  later  this 
spring  has  been  designed  and  constructed  in  a  collabora¬ 
tion  between  the  Physics  Department  of  Stockholm 
University,  the  Manne  Siegbahn  Laboratory,  Frankfurt 
University,  GSI,  and  Freiburg  University  [7].  The  main 
purpose  of  the  gas-jet  target  is  detailed  investigations  of 
collisions  between  the  fast  CRYRING  ions  and  the 
molecules  or  noble-gas  atoms  of  the  gas  jet  by  means  of 
the  technique  of  COLd  Target  Recoil-Ion-Momentum 
Spectroscopy  (COLTRIMS). 

The  target  is  designed  for  helium  for  which  the  aim  is 
to  create  a  cold  (<5  mK)  target  with  a  density  of  about 
1012  cm'3  in  a  1.0  mm  narrow  jet  at  the  point  of  intersec¬ 
tion  with  the  ion  beam.  At  the  same  time  the  ultra-high 
vacuum  of  the  CRYRING  should  remain  unaffected. 

The  target  operates  such  that  precooled  (30  K)  gas  ex¬ 
pands  through  a  30  pm  nozzle  from  a  container  with  a 
helium  pressure  of  p0= 2  bar  into  an  expansion  chamber, 
where  a  pressure  of  the  order  of  10'3  mbar  is  maintained 
by  means  of  a  1000 1/s  turbomolecular  pump.  After  this  a 
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beam  is  formed  by  narrow  skimmers  before  the  interac¬ 
tion  region  is  reached.  Finally  the  jet  is  disposed  of  in  a 
three-stage  differentially  pumped  jet  dump. 

The  target  has  been  tested  off-line  with  the  helium-gas 
container  at  room  temperature.  In  one  particular  test,  the 
load  of  helium  in  the  collision  chamber  was  measured  by 
means  of  a  commercial  He  leak  detector  while  the  jet  was 
running.  In  this  way,  the  load  of  helium  gas  lost  to  the 
collision  chamber  and  thereby  affecting  the  CRYRING 
vacuum  was  found  to  be  less  than  5x1  O'10  mbar  1/s,  which 
with  the  increased  helium  pumping  capacity  (as  discussed 
below)  corresponds  to  a  pressure  increase  of  less  than 
10 12  mbar  in  CRYRING.  This  load  is  expected  to  increase 
by  a  factor  of  101'2  when  the  gas  is  pre-cooled  to  30  K. 

By  blocking  the  jet  with  a  scraper  in  the  collision 
chamber,  the  full  load  of  the  jet  (2xl06  mbar  1/s)  was 
measured  by  the  leak  detector,  and  the  jet  diameter  was 
determined  by  considering  the  load  as  a  function  of  the 
scraper  position.  The  diameter  of  the  jet  was  found  to  be 
1 .0  mm  as  expected.  From  the  full  jet  load,  the  diameter 
and  the  expected  jet  velocity,  the  He  density  at  the  inter¬ 
section  point  was  found  to  be  about  3xlO10cm'3.  The 
density  is  expected  to  increase  by  a  factor  of  10  when  the 
gas  is  pre-cooled  to  30  K,  so  it  seems  that  we  will  not 
quite  achieve  the  desired  density  with  this  choice  of  gas- 
target  parameters.  On  the  other  hand,  with  this  parameter 
choice  we  are  on  the  safe  side  regarding  the  CRYRING 
vacuum  conditions,  and  a  density  of  3x10"  cm'3  will  be 
sufficient  for  all  planned  experiments.  If,  at  a  later  stage, 
a  higher  density  is  needed,  a  wider  nozzle  and  improved 
pumping  of  the  expansion  chamber  seem  to  be  the  most 
feasible  alternative. 

4  OTHER  PROJECTS 

The  rest  gas  in  CRYRING,  where  the  average  pressure  is 
around  1x10 11  mbar,  consists  to  90%  of  hydrogen. 
However,  it  is  to  a  large  extent  the  remaining  10%  that 
reduces  beam  lifetime  and  increases  the  experimental 
background  in  studies  of  processes  like  ion-electron 
recombination.  Furthermore,  with  the  use  of  helium  in  the 
gas-jet  target,  there  will  inevitably  be  some  increase  in 
the  helium  pressure  in  the  ring,  and  this  helium  is  not 
pumped  efficiently  neither  by  the  NEG  (non-evaporable 
getter)  pumps  nor  by  the  ion  pumps  used  at  present.  In 
fact,  the  memory  effects  of  the  ion  pumps  will  lead  to  an 
increased  helium  background  even  long  after  the  gas 
target  has  been  turned  off. 

For  these  reasons,  the  vacuum  system  of  the  ring  will 
be  upgraded  with  eight  high-compression  turbomolecular 
pumps.  On  the  high-pressure  side  of  each  of  these  pumps 
a  smaller  turbo  pump  will  be  connected,  providing  a 
backing  pressure  of  around  lO6  mbar,  and  mechanical 
forepumps  to  each  of  these  turbo-pump  assemblies.  On 
the  low-pressure  side  there  will  be  NEG  strips  to  reduce 
the  outgassing  of  H2  from  the  turbo  pumps  themselves. 


A  complete  reconstruction  of  the  vacuum  chambers 
after  the  electron  cooler  (the  dipole  chamber  behind  the 
cooler  and  the  straight  section  up  to  the  following  dipole) 
has  been  made  in  order  to  allow  detection  of  a  wider 
range  of  ions  that  have  undergone  charge  exchange  in  the 
cooler.  Now  there  are  detector  positions  that  allow  the 
interception  of  almost  all  ions  with  charge  states  from  1 
to  around  55  that  have  decreased  the  charge  by  one  unit 
in  the  cooler.  There  are  also  manipulators  in  the  dipole 
magnet  after  the  cooler  for  the  detection  of  ions  that  have 
increased  their  charge  state  (i.e.  that  bend  more  than  the 
primary  beam  in  the  dipole),  and  for  ions  whose  charge 
has  changed  sign  (that  bend  in  the  opposite  direction). 
These  detector  positions  are  particularly  interesting  for 
the  study  of  charged  fragments  produced  in  dissociative 
recombination  of  molecular  ions. 

Since  several  years  there  have  been  proposals  for  ex¬ 
periments  with  negative  ions  in  CRYRING.  When  the 
ring  was  constructed,  this  option  was  foreseen,  and  it  is 
fairly  straightforward  to  change  the  polarity  of  magnets 
and  electrostatic  deflectors.  Tests  with  negative  ions  in 
the  ring  will  be  performed  during  the  spring,  and  if  these 
tests  are  successful,  a  dedicated  ion  source  for  negative 
atomic  and  molecular  ions  will  be  purchased. 

Finally  the  efforts  to  improve  the  sensitivity  of  the  di¬ 
agnostics  in  the  beam  lines  and  in  the  ring  are  continuing. 
These  include  the  installation  of  sensitive  electronics  for 
strip  detectors  in  the  injection  lines  [8],  the  use  of  inte¬ 
grating  CCD  cameras  with  image  processing  at  fluores¬ 
cent  screens,  and  improvement  of  the  noise  level  of  the 
amplifiers  for  the  electrostatic  pickups  in  the  ring.  For  the 
latter,  the  use  of  state-of-the-art  integrated-circuit  ampli¬ 
fiers  and  an  input  stage  with  several  low-noise  field-effect 
transistors  in  parallel  have  reduced  the  noise  level  to  less 
than  1  nV/Hz1'2. 
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Abstract 

Two  cooling  methods  are  installed  in  the  cooler 
synchrotron  COSY.  The  electron  cooler  is  used  for 
stacking  and  cooling  of  proton  beams  with  energies 
between  45  MeV  and  180  MeV.  After  last  year’s 
commissioning  the  stochastic  cooling  system  became  a 
standard  tool  for  beam  cooling  in  the  momentum  range  of 
1.5-3. 3  GeV/c.  The  stochastic  cooling  pickups  also  serve 
for  precision  measurements  of  the  chromaticity  [6],  One 
advantage  of  COSY  is  the  possibility  to  set  up  different 
machine  settings  in  a  ‘supercycle’.  Internal  experiments 
can  take  data  below,  close  at  and  far  above  the  threshold 
in  one  supercycle.  The  transversal  stochastic  cooling 
system  was  updated  using  the  COSY  software  timing 
system  to  allow  cooling  in  all  three  experiments.  For 
longitudinal  cooling  a  new  notch-filter  was  fabricated. 
The  delay-line  of  the  notch-filter  was  substituted  by  an 
optical  delay  line.  We  will  present  the  characteristics  of 
the  optical  notch  filter  and  the  enhancement  of  the  beam 
quality  for  an  internal  gas  target  using  the  longitudinal 
cooling  system  with  the  new  notch-filter.  In  order  to  use 
the  longitudinal  cooling  in  a  ‘supercycle’  the  optical 
delay  line  has  been  further  improved.  A  part  of  the 
optical  signal  path  is  carried  free  through  an  air  section. 
This  section  is  adjusted  according  to  the  beam  travelling 
time  with  the  aid  of  a  motor-driven  prism. 


1  INTRODUCTION 


The  transversal  stochastic  cooling  system  operates  in  the 
frequency  range  from  1  to  3  GHz  divided  into  two  bands. 
[1].  The  stochastic  cooling  has  been  used  for  the  internal 
gas  cluster  target  experiment  COSY11.  The  cycle  length 
has  been  increased  up  to  1  hour.  Less  than  10%  of  the 
stored  protons  were  lost.  The  cooling  system  reached  an 


attenuator 
1:2  divider  frequency  dependent 


IN 


OUT 


Delay-Line 

Fig.  1 :  Notch  filter  for  the  longitudinal  cooling 


equilibrium  state  after  20  minutes,  where  the  energy  loss 
of  the  protons  through  the  gas  target  was  compensated  by 
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the  longitudinal  cooling  system.  The  shape  of  the 
distribution  remains  unchanged  until  the  end  of  the  spill 
[3,4]. 

The  longitudinal  cooling  was  realized  by  using  the 
vertical  band  1  system  in  sum  mode  including  a  simple 
notch  filter  (fig.  1)  [2],  The  attenuator  in  the  short  branch 
compensates  the  loss  of  the  delay-line  especially  its 
frequency  dependence.  This  attenuator  is  fixed  once. 
There  is  no  remote  control  of  the  value  and  the  frequency 
slope. 


2  STOCHASTIC  COOLING  IN  A 
‘SUPERCYCLE’ 

The  possibility  to  group  up  different  machine  settings 
within  a  ‘supercycle’  is  a  major  advantage  of  COSY  [5]. 
The  transversal  stochastic  cooling  system  has  been  up¬ 
graded  using  the  COSY  timing  system  to  allow  transver¬ 
sal  cooling  in  all  settings.  The  installed  programmable 
delay-lines  allow  a  change  of  proton  momentum  from 
2.15  to  3.4  GeV/c  or  with  an  additional  fixed  length  of  5 
m  from  1.68  to  2.15  GeV/c  in  one  supercycle  with 
transversal  stochastic  cooling.  Longitudinal  cooling  in  a 
supercycle  needs  a  system  adjusting  the  length  of  the 
delay-line  in  the  notch-filter.  Both  accuracy  and 
resolution  are  required  to  be  in  the  order  of  1*10^.  An 
envisaged  realization  using  commercial  RF  components 
seems  to  consume  too  much  time  and  costs.  The  solution 
transferring  the  RF  signals  into  the  terahertz  region  of  a 
laser  source  was  more  praiseworthy  [3]. 


3  OPTICAL  NOTCH-FILTER 

The  first  version  of  the  notch-filter  was  fabricated  in  a 
similar  structure  like  our  coaxial  notch-filter.  The  delay 
line  was  substituted  by  an  optical  structure  (Fig.  2). 


laser 


Fig.  2:  Optical  delayed  notch  filter 


The  modulator  attenuates  the  laserlight  synchronously  to 
the  longitudinal  RF  signal  of  the  pick-up.  The  infrared 
signal  is  delayed  by  a  fibre  optic  coil.  The  RF  signal  is 
afterwards  reconstructed  by  the  photodetector.  The  equal 
phase  power  divider  [2]  was  substituted  by  a  hybrid 
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having  a  better  decoupling  between  the  short  and  the  long 
branch  of  the  notch  filter.  The  frequency  dependence  of 
the  attenuation  in  the  optical  delayed  branch  is  negligible 
because  the  small  relative  bandwidth  required  of  the 
optical  system  is  around  3*10'6  at  the  RF  frequency  band 
of  1-1.8  GHz.  Therefore,  the  RF  attenuator  in  Fig.  2  is 
now  a  frequency  independent  one.  Equalizing  the 
attenuation  between  the  short  and  the  long  branch  of  the 
notch  filter  is  simply  fulfilled  by  regulating  the  power  of 
the  laser  light. 

The  longitudinal  cooling  was  improved  by  the  optically 
delayed  notch  filter  in  the  following  items: 

The  notch  depths  over  the  whole  frequency  band  exceed 
values  of  35  dB  compared  to  25  dB  of  our  first  RF 
delayed  filter.  The  dispersion  of  the  optical  notch  filter 
can  be  neglected.  Frequency  shifts  of  only  25  Hz  relating 
to  the  proton  revolution  frequency  were  measured  at  the 
RF  band  end  caused  by  small  phase  deviations  between 
both  branches  of  the  notch  filter.  The  dispersion  of  the 
coaxial  line  used  for  the  delay  in  the  coax  notch  filter  is 
essentially  larger. 


Change  of  the  Notchfrequency 
(1000th  Harmonic)  vs  Temperature 


Fig.  3:  Temperature  behaviour  of  the  optical  delayed 
notch  filter 

The  temperature  behaviour  of  the  optical  notch  filter  was 
measured.  Fig.  3  shows  the  change  of  the  notch- 
frequency  versus  temperature.  The  frequency  change  is  so 
small  that  no  further  steps  like  the  use  of  a  temperature 
stabilized  fibre  optic  has  to  be  taken  [7], 

The  horizontal  Band  1  cooling  system  was  extended  by  a 
new  path  for  the  longitudinal  optical  cooling  system. 
Amplitude  and  phase  of  this  new  signal  path  have  been 
adjusted  by  automated  BTF  measurements.  The  optical 
notch  filter  was  installed  and  tested  with  beam.  After 
several  minutes  most  of  the  particles  are  concentrated  at 
the  momentum  given  by  the  frequency  of  the  notch  filter. 
Fig.  4  shows  the  resulting  Schottky  signal  measured  at  the 
revolution  frequency  over  1 .5  h. 


Fig.  4:  Longitudinal  Schottky  scan 


When  the  amplifier  of  the  cooling  system  are  switched 
off  the  distribution  would  be  shifted  upwards  in 
frequency  due  to  energy  loss  in  the  target.  The  resulting 
frequency  distribution  is  smaller  compared  to  the  old 
notch  filter.  Both  longitudinal  cooling  systems  (the  old 
notch  filter  of  commercially  available  RF  components 
and  the  optical  one)  were  used  alternately  in  a  COSY11 
run  time  at  different  energies. 

The  cycle  lengths  were  successfully  increased  up  to  2 
hours  with  the  aid  of  the  optical  notch-filter.  After  filling 
the  COSY  ring  for  the  COSY11  experiment  the  beam  of 
the  cyclotron  was  used  for  radionuclide  production  during 
these  2  hours. 

3.1  Adjustable  notch  filter 


frequency  /  GHz 

1.  notch-measurement  . after  200  cycles 


Fig.  5:  Accuracy  of  the  repeatability  of  the  adjustable 
notch  filter 
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We  added  an  adjustable  delay  line  to  the  notch  fdter  in 
order  to  use  the  longitudinal  cooling  system  in  a 
supercycle.  Fig.6  shows  the  implemented  changes  of  the 


Fig.  6:  Adjustable  delay  line 


optical  delay  line.  The  system  for  the  fine  adjustment  was 
fabricated  with  a  planned  adjustable  length  of  about  5m. 
This  length  difference  is  realized  by  an  air  section.  This 
section  is  adjustable  according  to  the  beam  travelling  time 
with  the  aid  of  a  motor-driven  prism. 

Fig.  5  presents  the  first  measurements  of  the  adjustable 
notch  filter  around  the  900u'-harmonic  of  the  beam- 
revolution  frequency. 

The  motored  prism  was  moved  200  times  over  the 
moving  range  and  back.  200  cycles  are  a  realistic  number 
for  a  1  week  COSY11  user  run  of  a  cycle  length  of  1 
hour.  We  reached  a  reproducibility  of  1.5*  10"6. 

The  temperature  changes  of  the  system  are  now  very 
critical.  Small  variations  of  the  room  temperature  caused 
a  displacement  of  the  laser  spot  after  the  air-section.  The 
laser  light  is  not  coupled  completely  into  the  50pm  multi- 
mode  fibre-optic.  The  amplitude  of  the  demodulated  RF- 
signal  decreased  and  changed  the  notch  depth  rapidly  to 
smaller  values. 


A  regulating  circuit  compensates  this  loss  of  the  laser- 
light  by  adjusting  the  laser  light  according  to  the 
monitored  photo  current  of  the  diode  in  the 
photodetector.  The  vertical  position  of  the  incoupling 
collimator  is  additionally  motored  with  a  accuracy  of  1 
pm.  If  the  available  laser  power  reaches  its  highest  limit 
the  vertical  direction  will  be  adjusted  to  reach  the  optimal 
RF-power. 

4  CONCLUSION 

The  fine  adjustment  of  the  optical  notch  filter  has  been 
installed  in  the  COSY  ring  and  successfully  used  in 
COSY11  user  run  at  3.2  GeV/c.  The  experiments  can 
now  take  data  below,  close  at  and  far  above  the  threshold 
with  a  stochastically  cooled  beam  in  one  ‘supercycle’. 
The  adjustable  notch  filter  allows  longitudinal  cooling  in 
the  momentum  range  from  3.4  GeV/c  down  to  2.6  GeV/c 
in  one  supercycle.  Different  momentum  ranges  down  to 
1.5  GeV/c  will  be  available  by  adding  different  lengths  of 
additional  fibre  optics.  The  signal  paths  of  the  transversal 
cooling  systems  can  be  adjusted  within  a  similar 
momentum  range.  The  beam  size  of  1*1010  protons  is 
reduced  by  a  factor  of  two  although  the  gas  target  is 
permanently  heating  the  beam. 
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Abstract 

The  heavy  ion  synchrotron  SIS  has  been  equipped  with  an 
electron  cooling  system  for  fast  beam  accumulation  at  the 
injection  energy.  Optimization  of  injection  and  cooling  re¬ 
sulted  in  synchrotron  pulses  with  more  than  an  order  of 
magnitude  higher  intensity.  For  highly  charged  ions  the  in¬ 
tensity  is  limited  by  recombination  with  free  electrons.  The 
rate  coefficients  have  been  measured  thus  allowing  a  selec¬ 
tion  of  the  most  favorable  charge  state  in  order  to  maximize 
the  beam  intensity  for  highly  charged  ions. 

1  INTRODUCTION 


electron  energy 

cathode  diameter 

cathode  temperature 

gun  perveance 

maximum  electron  current 

relative  loss  current 

magn.  expansion  factor 

magn.  field  strength  in  cool,  section 

magn.  field  parallelism  in  cool,  section 

vacuum  pressure  <  lx 


6.3  keV 
25.4  mm 
~  1200  K 
2.9  fiP 
1.5  A 

<  1  x  10~4 

3 

0.06  T 

<  1  x  10~4 
10~10  mbar 


Table  1 :  Typical  parameters  of  the  SIS  electron  cooling  de¬ 
vice  for  ion  beam  accumulation. 


The  heavy  ion  synchrotron  SIS  [1]  is  filled  by  horizontal 
multiturn  injection  which  results  in  a  horizontal  emittance 
ex  ~  150  it  mm  mrad.  It  can  presently  not  be  operated 
with  highly  charged  ions  up  to  the  space  charge  limit.  The 
intensity  for  beams  of  highly  charged  heavy  ions  is  lim¬ 
ited  by  the  ion  source  and  the  low  energy  section  of  the 
injector  linac.  In  order  to  facilitate  beam  accumulation  by 
repeated  multiturn  injection  with  interspersed  cooling  an 
electron  cooling  system  has  been  designed  [2], 

Short  transverse  cooling  times  allow  fast  repetition  of 
multitum  injection  into  the  outer  part  of  the  horizontal  ring 
acceptance,  while  the  inner  part  is  reserved  for  the  cooled 
accumulated  ion  beam.  As  the  typical  synchrotron  cycle 
times  are  a  few  seconds  and  transverse  cooling  times  of  or¬ 
der  100  ms  are  aimed  at  the  intensity  gain  can  be  up  to  one 
order  of  magnitude.  The  cooling  time  decreases  propor¬ 
tional  to  A/q 2  promising  the  highest  intensity  gain  for  the 
heaviest  ions  which  can  be  injected  with  the  lowest  inten¬ 
sities. 

After  an  intensity  upgrade  of  the  linac  the  electron  cooler 
will  be  ready  for  accumulation  of  beams  of  rare  isotopes 
and  preparation  of  high  quality  beams. 

2  ELECTRON  COOLING  SYSTEM 

The  electron  cooling  system  was  designed  and  manufac¬ 
tured  in  a  collaboration  between  GSI  and  BINP,  Novosi¬ 
birsk.  The  design  parameters  of  the  electron  cooling 
system  [2]  were  specified  according  to  the  requirement 
of  transverse  cooling  times  for  ions  with  mass  numbers 
A  >  100  of  around  100  ms.  Use  of  adiabatic  magnetic 
expansion  for  reduction  of  the  transverse  electron  tempera¬ 
ture  and  for  matching  of  the  electron  beam  diameter  to  the 
ion  beam  size  was  included  in  the  design.  Cooling  at  an 


intermediate  energy  (between  55  and  65  MeV/u)  will  al¬ 
low  rebunching  at  the  second  harmonic  of  the  revolution 
frequency  for  generation  of  high  density  ion  bunches. 

The  complete  electron  cooling  system  was  assembled  at 
GSI  and  tested  with  electron  beam  outside  the  synchrotron 
before  installation  in  the  ring  tunnel  [3].  The  typical  pa¬ 
rameters  of  the  electron  cooling  device  for  operation  at  the 
injection  energy  of  the  synchrotron,  which  requires  an  elec¬ 
tron  energy  of  6.3  keV,  are  listed  in  Table  1 . 

The  control  hardware  for  the  electron  cooling  system  has 
been  prepared  for  ramped  operation  synchronized  with  the 
acceleration  cycle.  Since  the  cooler  has  been  used  for  beam 
accumulation  at  the  injection  energy  to  date  operation  with 
static  magnetic  field  and  constant  electron  energy  and  cur¬ 
rent  was  sufficient  for  commissioning  in  the  synchrotron. 

3  SYNCHROTRON  OPERATION  WITH 
ELECTRON  COOLER 

For  the  operation  of  the  electron  cooler  in  one  straight  sec¬ 
tion  of  the  synchrotron  additional  corrections  of  the  closed 
orbit  had  to  be  implemented.  A  small  dipole  magnet  at  both 
ends  of  the  cooler  and  the  correction  coils  in  the  adjacent 
main  dipole  magnets  correct  the  horizontal  kick  introduced 
by  the  toroids  and  allow  an  adjustment  of  the  ion  beam  dis¬ 
placement  and  the  beam  direction  in  the  cooling  section. 
The  coupling  of  horizontal  and  vertical  phase  space  due  to 
the  longitudinal  field  of  the  cooler  is  not  corrected.  For 
optimum  injection  the  ring  tune  and  the  setting  of  the  in¬ 
jection  beam  line  have  to  be  fine  tuned  after  powering  of 
the  cooler  magnetic  field  and  of  the  closed  orbit  correc¬ 
tions.  Multiturn  injection  with  the  cooler  magnetic  fields 
presently  results  in  about  65  %  of  the  standard  multiturn 
gain  factor. 
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For  beam  accumulation  with  cooling  the  amplitude  of 
the  orbit  bump  in  the  injection  section  is  slightly  reduced. 
Thus  free  space  between  the  closed  orbit  and  the  electro¬ 
static  septum  is  provided  for  the  cooled  circulating  beam 
to  pass  by  the  septum  when  new  beam  is  injected.  Beam 
accumulation  starts  when  the  electron  beam  is  switched  on 
with  the  electron  velocity  matched  to  the  ion  velocity  after 
injection.  Additional  fine  adjustment  of  the  spatial  and  an¬ 
gular  alignment  between  electron  and  ion  beam  minimizes 
the  transverse  cooling  time  as  well  as  the  emittance  of  the 
cooled  beam.  The  intensity  of  the  ion  beam  can  be  in¬ 
creased  by  more  than  one  order  of  magnitude  after  proper 
setting  of  all  cooler  and  ring  parameters  (Fig.  1). 


i — i — . — i — i — . — i — , — i — i — . — i — p 


j _ , _ , _ , _ i _ , _ _ _ i _ . _ , _ . _ i _ , _ , _ , _ L 


200  400  600  800  1000 

electron  current  [mA] 


Figure  1 :  Accumulation  of  1  x  109  Au65+  ions  in  less  than 
5  s.  The  ion  beam  was  cooled  at  the  injection  energy  with 
a  300  mA  electron  beam  expanded  by  a  factor  of  3. 


Figure  2:  Accumulation  rate  as  a  function  of  the  electron 
current  for  different  expansion  factors. 


The  maximum  intensity  of  the  ion  beam  usually  saturates 
on  a  certain  intensity  level  after  some  ten  injections.  Two 
diverse  processes  which  limit  the  beam  intensity  have  been 
observed.  For  light  ions  which  can  be  injected  with  higher 
intensity  from  the  injector  (more  than  108  ions  after  a  single 
multiturn  injection)  beam  instabilities  arise  due  to  the  high 
phase  space  density  of  the  ion  beam.  A  maximum  intensity 
of  7  x  109  Kr34+  (7  mA)  has  been  achieved  [4].  The  ion 
beam  approaches  the  space  charge  limit,  but  also  coherent 
transverse  oscillations  may  be  excited  by  interaction  with 
transverse  impedances.  A  transverse  feedback  system  is 
presently  designed  for  damping  of  coherent  oscillations. 


4  BEAM  ACCUMULATION 

For  high  average  beam  intensity  from  the  synchrotron  the 
accumulation  rate,  i.e.  the  intensity  filled  into  the  syn¬ 
chrotron  per  unit  of  time  divided  by  the  current  in  the  injec¬ 
tion  beam  line,  has  to  be  maximized.  Systematic  variations 
of  the  injection  and  cooler  parameters  were  performed  to 
find  the  optimum  accumulation  conditions.  Figure  2  shows 
the  influence  of  the  electron  beam  current  for  three  differ¬ 
ent  electron  beam  expansion  factors  on  the  accumulation 
rate  for  optimized  injection  rate.  An  expansion  factor  of 
three  and  typical  electron  currents  of  0.3-0.5  A  are  usually 
applied  for  beam  accumulation.  Higher  electron  currents 
result  in  slightly  faster  accumulation,  but  the  recombina¬ 
tion  losses  also  increase  and  limit  the  maximum  intensity 
(see  Sect.  5). 

The  variation  of  the  accumulation  rate  with  the  time  be¬ 
tween  successive  injections  exhibits  a  maximum  for  rather 
short  time  intervals  (Fig.  3).  A  time  of  about  200  ms  is 
required  for  transverse  cooling,  for  larger  time  intervals 
the  additional  cooling  time  will  not  accumulate  the  beam 
more  efficiently  and  the  accumulation  rate  decreases  pro¬ 
portional  to  the  injection  rate. 
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Figure  3:  Accumulation  rate  versus  the  time  interval  be¬ 
tween  successive  injections. 


With  highly  charged  heavy  ions  the  limitation  of  the 
maximum  beam  intensity  unambiguously  is  related  to 
beam  losses  by  recombination  with  free  electrons  in  the 
cooling  section  which  have  been  studied  in  more  detail. 


1705 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


5  RECOMBINATION  OF  HIGHLY 
CHARGED IONS 

Before  injection  into  the  synchrotron  the  ions  are  usually 
stripped  at  the  injection  energy  11.4  MeV/u  in  order  to 
reach  the  highest  final  energy.  At  the  injection  energy 
heavy  ions  are  produced  with  10-20  bound  electrons  in 
largest  abundance. 

The  recombination  rate  for  two  species  of  highly  charged 
ions  was  studied  experimentally  for  the  various  charge 
states  available  after  the  injection  line  stripper.  The  recom¬ 
bination  rate  was  evaluated  from  the  exponential  decrease 
of  the  ion  current  when  injection  was  stopped  and  the  ion 
beam  continued  to  circulate  at  the  injection  energy.  Mea¬ 
surements  of  the  beam  lifetime  for  different  electron  cur¬ 
rents  allowed  to  distinguish  between  losses  due  to  recom¬ 
bination  with  electrons  in  the  cooler  and  the  losses  caused 
by  interaction  with  the  residual  gas.  The  recombination 
rate  with  electrons  showed  a  linear  increase  with  electron 
density  and  for  fixed  electron  current  a  scaling  inversely 
proportional  to  the  square  root  of  the  expansion  factor  as 
expected  [5]. 
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Figure  4:  Rate  coefficient  arec  for  recombination  with  free 
electrons  and  recombination  rate  in  the  residual  gas  rrg 
measured  for  the  electron  configurations  of  Au  and  Bi  ions 
available  at  the  synchrotron  injection  energy  1 1 .4  MeV/u. 


The  results  of  measurements  of  the  rate  coefficient  for 
recombination  with  free  electrons  and  the  recombination 
rate  in  the  residual  gas  for  Au  and  Bi  charge  states  with  the 
various  numbers  of  bound  electrons  that  are  available  after 
the  stripper  in  the  SIS  injection  line  is  shown  in  Fig.  4.  The 
loss  rate  in  the  residual  gas  can  be  reasonably  explained  by 
recombination  with  bound  electrons  of  the  gas  constituents 
which  is  the  dominant  charge  changing  process  at  SIS  en¬ 


ergies.  The  difference  between  Au  and  Bi  is  likely  to  be 
caused  by  changes  in  the  vacuum  pressure  and  the  compo¬ 
sition  of  the  residual  gas  between  the  two  experiments. 

The  recombination  rate  in  the  electron  beam  is  in  dis¬ 
agreement  with  calculations  of  radiative  electron  capture 
which  is  expected  to  be  the  dominant  recombination  pro¬ 
cess.  Neither  the  absolute  value  of  the  rate  coefficient  nor 
the  variations  with  the  charge  state  which  can  amount  up 
to  a  factor  of  five  are  comprehensible  assuming  radiative 
electron  capture  only.  The  recombination  rate  maxima  for 
the  two  ions  are  not  correlated  with  the  electronic  configu¬ 
ration.  Resonant  electron  capture  at  small  relative  energy, 
e.g.  by  dielectronic  recombination,  could  be  an  explana¬ 
tion  for  the  enhanced  recombination  rates  and  the  strong 
variations  with  the  charge  state  which  have  been  reported 
previously  [6], 

The  charge  states  with  high  recombination  losses  must 
be  avoided  if  accumulation  of  the  maximum  beam  inten¬ 
sity  is  aimed  at.  Even  for  the  more  favorable  charge  states 
the  beam  lifetime  due  to  recombination  losses  with  free 
electrons  is  below  10  s  for  the  typical  electron  densities 
of  3  —  5  x  107  cm-3  ,  the  lifetime  due  to  the  residual  gas 
is  on  the  order  of  some  10  s  depending  on  the  vacuum  con¬ 
ditions.  Therefore  for  the  heaviest  ions  a  careful  choice 
of  the  most  favorable  charge  state  with  respect  to  recom¬ 
bination  is  mandatory  to  take  greatest  advantage  of  beam 
accumulation.  After  selection  of  the  most  favorable  charge 
state  Au65+  the  number  of  ions  in  a  SIS  pulse  could  be  in¬ 
creased  to  1.5  x  109  which  is  a  factor  of  15  higher  than  the 
maximum  intensity  achieved  ever  for  gold  beams. 
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DESIGN  OF  ANTIPROTON  ELECTRON  COOLING  IN  THE  RECYCLER 
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Abstract 

A  conceptual  design  of  electron  cooling  of  9  GeV  antipro¬ 
tons  for  the  Tevatron  is  discussed.  Analytic  and  numeric 
calculations  of  the  cooling  process  determine  the  basic  re¬ 
quirements  of  the  cooler. 

1  PURPOSE 

During  a  Tevatron  store,  emittances  of  the  colliding 
bunches  grow  and  the  luminosity  decreases.  For  RUN 
II,  the  luminosity  is  calculated  to  drop  by  a  factor  of  2 
after  6-7  hours  [1],  so  the  beams  should  be  renewed  after 
this  time.  The  purpose  of  the  Recycler  storage  ring  is 
to  accept  the  unspent  antiprotons  (p)  from  the  Tevatron, 
to  recool  them  transversely  and  longitudinally,  and  to 
redeliver  them  to  the  collider.  The  Recycler  must  also 
accept  fresh  antiprotons  from  the  Accumulator,  and  this 
process  requires  longitudinal  cooling  too.  For  RUN  II,  the 
stochastic  cooling  system  is  thought  to  be  adequate;  an 
example  of  simulations  for  the  transverse  cooling  is  shown 
in  Fig.  1. 


Time  (sec) 


Figure  1:  Evolution  of  the  (unnormalized)  emittance  of 
5  •  1012  particles  in  the  Recycler  with  the  full  momentum 
spread  ±2  ■  10-3  during  stochastic  cooling  with  2-4  GHz 
bandwidth. 

However,  the  efficiency  of  the  stochastic  cooling  de¬ 
creases  with  intensity  of  the  cooled  beam,  which  could 
make  it  insufficient  for  the  future  TeV  33  program.  Electron 
cooling  might  be  a  good  supplement  to  stochastic  cooling 
because  of  its  independence  on  the  beam  intensity.  On  the 
other  hand,  electron  cooling  is  much  more  efficient  if  the 
beam  is  already  precooled.  Thus,  a  hybrid  cooling  scheme 
could  be  used  in  the  Recycler,  with  stochastic  cooling  for 
the  first  stage  and  electron  cooling  for  the  second. 


2  SCENARIO 

A  possible  scenario  for  the  periodic  cooling-stacking  pro¬ 
cess  in  the  Recycler  could  be  following: 

•  t  =  0  :  100  bunches  of  (hot)  antiprotons  leave  the 
Tevatron,  are  decelerated  in  the  Main  Injector,  and  ar¬ 
rive  at  the  Recycler,  sharing  its  circumference  with  al¬ 
ready  cooled  antiproton  beam.  Then,  the  cold  portion 
is  transfered  to  the  Main  Injector,  releasing  the  phase 
space  for  the  hot  beam  with  N  =  (2.5  —  10)  •  1012p’s 
occupying  A  =  400  eVs  of  the  longitudinal  phase 
space  and  307t  mm  mrad  of  the  normalized  95%  emit¬ 
tance.  Transverse  stochastic  precooling  starts. 

•  Every  quarter  of  an  hour,  a  fresh  pbar  batch  arrives 
from  the  Accumulator.  Its  population  is  1011  in  lOeVs 
and  157r  mm  mrad  (normalized  95%).  It  is  adjoined 
longitudinally  to  the  whole  stack  by  means  of  the 
barrier-bucket  technique  [2]. 

•  t  —  1—  2h:  Stochastic  precooling  finishes;  beam  emit¬ 
tance  is  157rmm  mrad.  Electron  cooling  begins. 

•  t  =  3  -  8  h:  Electron  cooling  finishes  producing  a 
beam  with  107T  emittance  and  150  eVs  or  less  of  the 
longitudinal  phase  space.  The  cycle  is  then  repeated. 

3  SIMULATION  RESULTS 

To  simulate  electron  cooling  processes,  a  multi-particle 
C++  code  has  been  written.  This  code  tracks  the  time  evolu¬ 
tion  of  an  ensemble  of  cooled  particles,  optimizes  the  cool¬ 
ing  process  under  various  conditions  and  finds  the  toler¬ 
ances  on  imperfections. 

In  distinction  to  usual  situation  in  low-energy  coolers, 
relative  velocities  between  the  cooled  particles  and  the  elec¬ 
trons  are  supposed  here  to  be  determined  by  the  cooled  par¬ 
ticle  (p)  velocities.  Electron  velocities  are  assumed  to  be 
low  enough  not  to  depress  the  cooling  rates.  In  this  case, 
the  longitudinal  and  transverse  cooling  rates  Ay  and  X±  are 
strong  functions  of  the  p  longitudinal  and  transverse  veloc¬ 
ities  in  the  beam  frame  vy  and  v±  [3]: 

Ay  ex  (v^t/||)-1,  Aj_  oc  u]]3  foruy  <  v±. 

The  smaller  the  p  velocity  is,  the  faster  it  decreases.  Thus, 
electron  cooling  tends  to  shape  a  narrow  core  of  super¬ 
cooled  particles  inside  the  distributions.  For  flat  pbar  dis¬ 
tributions,  i.e.,  W||  <C  v±,  the  longitudinal  rates  are  higher 
than  the  transverse  and  the  longitudinal  core  is  created  first. 
Actual  size  of  this  core  is  determined  by  an  equilibrium  be¬ 
tween  cooling  and  IBS  diffusion  which  is  calculated  sep¬ 
arately  (see  section  5).  The  evolution  of  the  recycled  p’s 
from  the  initial  state  is  shown  in  Figs.  2  and  3. 
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ELECTRON  COOLING  PROCESS  PHASE  SPACE  EVOLUTION 


Time,  h 


Figure  2:  Evolution  of  the  transverse  p  distribution  from 
the  initial  Gaussian  one  with  the  rms  normalized  emittance 
2.5  mm  mrad. 


Figure  3:  Evolution  of  the  p  momentum  distribution  from 
an  initial  parabolic  one. 

The  conclusion  from  the  simulations  is  that  transverse 
cooling  of  the  recycled  p’s  from  e  =  157r  mm  mrad  to 
e  =  107r  mm  mrad  requires  0.9  Ampere  x  hour  (Ah)  of 
(cooler  length)  x  (cooling  time),  for  a  20  m  cooling  section. 
For  beam  from  the  Accumulator,  this  value  is  0.7  Ah. 

The  longitudinal  phase  area  A  shrinks  with  a  rate  ro  « 
1.2  A_1h_1  over  the  whole  interesting  interval  150  eVs  < 
A  <400  eVs.  This  approximate  rate  is  used  in  the  stacking 
model  discussed  below. 

4  COOLING-STACKING  PROCESS 

The  phase  space  evolution  in  the  cooling-stacking  process 
can  be  described  as: 

A  =  —roA  +  fsAb  4-  fsAsA 

where  fs  is  the  stacking  frequency,  the  number  of  injections 
per  hour,  Ab  is  the  batch  phase  area,  and  As  is  the  fractional 


Figure  4:  Evolution  of  the  longitudinal  phase  space  area  in 
the  cooling-stacking  process 
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Figure  5:  Tolerances  on  the  longitudinal  phase  space  dilu¬ 
tion  due  to  the  stacking  imperfection. 


phase  area  dilution  due  to  the  stacking  imperfection.  The 
solution  reads: 


A(t)  =  .4(oo)  +  (.4(0)  -  .4(oo))  exp(— (r0  -  fsAs)t) 

A{t)  ->  *4(oo)  =  Abfs/(ro  ~  fs&s) 

(1) 

The  asymptotic  phase  space  area  .4(oo)  is  related  to  an 
equilibrium  between  factors  which  tend  to  increase  the 
phase  space  (stacking,  dilution)  and  the  factor  tending  to 
shrink  it  (cooling).  The  phase  area  evolution  is  presented 
in  Fig.  4,  a  tolerance  for  the  dilution  can  be  found  from  the 
results  shown  in  Fig.  5.  The  conclusion  is  that  for  the  in¬ 
jection  frequency  f$  =  4 h~l  and  dilution  Aa  <  1%,  the 
current  Ie  =  300  mA  is  sufficient  for  antiproton  accumula¬ 
tion. 


STACKING  WITH  PHASE  SPACE  DILUTION 
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5  INTRA-BEAM  SCATTERING  OF 
ANTIPROTONS 

Intra-beam  scattering  (IBS)  calculations  are  simplified  by 
assuming  that  first,  the  longitudinal  p  velocities  are  smaller 
than  transverse  (typical  for  hadron  beams),  and  second, 
beam  envelope  variations  are  small  enough  (about  30%  in 
the  Recycler)  to  apply  the  smooth  approximation. 

Under  these  assumptions,  IBS  is  reduced  to  a  heat  trans¬ 
fer  from  the  hot  transverse  degrees  of  freedom  to  the  cold 
longitudinal  one  which  can  be  described  as  a  diffusion  in  the 
longitudinal  degree  of  freedom.  The  diffusion  imposes  a 
limit  on  the  width  of  the  longitudinal  distribution:  it  cannot 
be  smaller  than  the  one  determined  by  the  cooling-diffusion 
equilibrium.  If  the  equilibrium  width  is  smaller  than  the 
design  value,  IBS  can  be  neglected;  otherwise,  IBS  puts  a 
limit  on  the  final  width  of  the  distribution. 

Conventionally,  the  IBS  diffusion  coefficient  is  calcu¬ 
lated  as  a  single  number  for  the  whole  distribution.  This 
number  results  from  an  averaging  of  the  local  diffusion  co¬ 
efficient,  which  depends  on  actions  of  the  scattered  particle, 
over  the  distribution.  However,  to  derive  the  equilibrium 
distribution  with  a  good  accuracy,  a  knowledge  of  the  av¬ 
erage  diffusion  is  not  sufficient;  more  detailed  information 
contained  in  the  local  diffusion  dependencies  is  required. 
The  diffusion  coefficient  D  as  a  function  of  velocity  am¬ 
plitudes  vx,  vy  of  the  given  particle  which  scatters  on  other 
particles  distributed  with  rms  velocity  v±  is  calculated  from 
the  Landau  collision  integral  [3],  For  a  Gaussian  transverse 
distribution 


where  np  is  the  pbar  density  at  the  beam  axis,  Lp  is  the  IBS 
Coulomb  logarithm  and  e„  is  the  normalized  rms  emittance. 
The  calculated  diffusion  is  consistent  with  the  average  dif¬ 
fusion  coefficient  reported  in  [4]  to  an  accuracy  better  than 
10%;  it  is  also  consistent  with  numerical  calculations  of  the 
average  diffusion  that  are  free  from  the  above  simplifica¬ 
tions  [5], 

The  evolution  of  the  longitudinal  distribution  is  de¬ 
scribed  by  the  Fokker-Planck  equation: 


d£ 

dt 


_d_ 

dw 


w  =  5p/p. 


(3) 


Here 

=  8(/e/e)rerpr?L|| 
n(32p2a?vxvy 

is  the  cooling  force  independent  in  this  case  of  the  value  of 
the  longitudinal  velocity  w,  with  Ie  as  the  electron  current, 
a  as  the  electron  beam  radius,  p  as  the  circumference  frac¬ 
tion  occupied  by  the  cooler  and  L\\  as  the  Coulomb  loga¬ 
rithm  for  the  longitudinal  cooling  [3], 


The  Fokker-Planck  equation  (3)  with  the  diffusion  coef¬ 
ficient  (2)  and  the  cooling  force  (4)  can  be  analytically  re¬ 
solved  for  the  equilibrium  distribution: 

/  =  exp  (-w/w)/w,  w  —  D/2F, 

yielding  the  equilibrium  longitudinal  phase  space  (95%)  av¬ 
eraged  over  the  transverse  distribution 

A  —  -  11.  TPT 

4rjle  re  L,|  a?  io' 

This  phase  space  is  sufficiently  small;  for  Np  =  1  •  1013  and 
Ie  =  300  mA,  A  =  30  eVs.  As  long  as  the  desired  phase 
space  area  is  larger  than  this  equilibrium,  the  IBS  may  be 
neglected. 

The  main  parameters  of  the  electron  cooling  in  the  Re¬ 
cycler  for  the  100  bunch  scenario  are  summarized  in  Tab. 
1. 


Table  1:  Electron  Cooling  for  100  Bunches 


Parameter 

Value 

Circumference 

3319.4  m 

Pbar  momentum 

8.9  Gev/c 

Number  of  pbars,  total 

Init.  long,  area  recycled  pbars 

400  eVs 

Fin.  long.  98%  area,  goal 

150  eVs 

Init.  norm.  95%  emittance 

307r  mm  mrad 

Fin.  norm.  95%  emittance 

10  7T  mm  mrad 

Batches  per  hour 

4  h~l 

Batch  area 

lOeVs 

Batch  norm.  95%  emittance 

15  n  mm  mrad 

Cooling  length 

20  m 

Beta-function  in  the  cooler 

20  m 

Electron  current 

300  mA 

Time  of  cool-stack  cycle 

7  hour 

Electron  beam  radius 

0.6  cm 

Electron  angle 

<  80/zrad 

Electron  temperature 

<  leV 

Electron  momentum  spread 

< 5 • 10-5 

The  authors  are  thankful  to  Ya.  S.  Derbenev  and 
V.  V.  Parkhomchuk  for  fruitful  discussions. 
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SUPPRESSION  OF  TRANSVERSE  BUNCH  INSTABILITIES  BY 
ASYMMETRIES  IN  THE  CHAMBER  GEOMETRY* 


Abstract 


A.  Burov,  FNAL,  Batavia,  IL  and  V.  Danilov,  ORNL,  Oak  Ridge,  TN 

a)  lb) 


The  wake  forces  produced  by  a  beam  bunch  can  be  reduced 
by  making  the  vacuum  chamber  cross-section  axially  asym¬ 
metric.  Furthermore,  the  asymmetry  results  in  a  betatron 
tune  shift  for  particles  in  the  tail  of  the  bunch.  As  a  result, 
transverse  instabilities  of  the  bunch  should  be  significantly 
suppressed  for  an  asymmetric  vacuum  chamber. 


1  INTRODUCTION 

The  net  effect  of  wake  fields  is  determined  by  integrating 
the  force  over  a  structure  period  of  the  vacuum  chamber  L. 
The  integrated  transverse  force  F  caused  by  a  slight  offset 
r0  of  the  leading  particle  from  the  chamber  axis  is  conven¬ 
tionally  expressed  in  terms  of  the  wake  function  [2]: 

jvds=-q2v0W{z),  (1) 

where  q  is  the  particle’s  charge  and  z  is  the  distance  between 
head  and  tail  particles. 

However,  the  linear  approximation  for  the  wake  force 
(1)  contains  generally  an  additional  term,  proportional  to 
the  tail  offset  r  [3],  which  vanishes  for  round  chambers. 
It  means  that,  for  round  chambers,  all  the  particles  in  the 
bunch  are  in  resonance  with  each  other.  For  axially  asym¬ 
metric  structures,  however,  the  wake  fields  not  only  drive 
the  oscillations  of  the  tail  particles  but  also  detune  them 
from  the  resonance  with  the  driving  force  .  Similar  elec¬ 
trodynamic  properties  of  external  RF  fields  in  asymmetric 
structures  were  used  in  Ref.  [4],  where  it  was  proposed  to 
utilize  simultaneous  accelerating  and  focusing  to  provide 
the  acceleration  and  BNS  damping  [5]  in  linacs. 

The  importance  of  the  betatron  tune  spread  along  a  bunch 
in  a  storage  ring  was  shown  in  Ref.  [6] .  It  was  demonstrated 
that  this  spread,  introduced  by  means  of  an  RF  quadrupole, 
has  a  stabilizing  role  for  the  transverse  bunch  oscillations. 
It  is  natural  to  suppose  that  the  tune  spread  produced  by  the 
wake  fields  is  a  stabilizing  factor  as  well.  If  so,  the  detun¬ 
ing  part  of  the  wake  may  increase  the  thresholds  of  bunch 
transverse  instabilities. 


2  DRIVING  AND  DETUNING  WAKES 

The  transverse  wake  forces  are  regular  functions  of  the 
transverse  offsets  of  the  leading  and  trailing  particles,  ro 
and  r  and  can  be  expanded  in  terms  of  these  offsets  [3], 
Assuming  for  simplicity  mirror  symmetry  for  at  least  one 
transverse  axis  and  neglecting  the  nonlinear  terms,  the 
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c) 
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Figure  1 :  Three  types  of  beam  surroundings. 

forces  can  be  presented  as  follows: 

fL  Fxds  =  ~q2x0Wx(z)  +  q2xD(z) 

(2) 

IL  Fyds  =  ~q2y0Wv(z)  -  q2yD(z), 

where  insignificant  constant  terms  are  omitted.  The  first 
terms  on  the  right  hand  sides  describe  the  forces  caused  by 
the  offsets  of  the  leading  particle;  the  functions  W ( z )  can 
be  referred  to  as  the  driving  wake  functions.  The  second 
terms  are  responsible  for  the  tune  shifts  of  the  tail  particle; 
the  function  D(z)  can  be  called  the  detuning  wake  function. 
Due  to  the  mirror  symmetry,  the  detuning  terms  for  x  and  y 
axis  are  described  in  Eqs.(2)  by  the  single  function  D(z). 
As  follows  from  the  form  of  Eqs.(2),  there  is  no  detuning 
for  chambers  invariant  over  a  90°  rotation;  D(z)  =  0  in  this 
case.  To  give  examples,  wake  functions  caused  by  the  wall 
resistivity  are  presented  below  for  three  simplified  cases, 
namely,  for  a  round  chamber,  then,  for  an  infinite  plane  and 
finally,  for  a  small  cylinder.  The  three  cases  are  sketched  at 
Figs,  la,  lb  and  1c. 

For  the  first  case  of  the  round  vacuum  chamber  the  wake 
functions  can  be  found  in  Ref.  [2]: 

Wx{z)  =  Wy{z)  =  -~sjJ-zL,  D(z)  =  0,  (3) 

where  c  is  a  velocity  of  light,  b  is  the  vacuum  chamber  ra¬ 
dius,  and  a  is  a  wall  condactivity. 

For  the  single  resistive  plane,  the  trannsverse  wake  func¬ 
tions  follow: 


Wx(z)  =  Wy(z)  =  D{z)  = 


L  nr 
2i rh3  V  <7Z  ’ 


where  h  =  |h|  is  the  distance  from  the  beam  to  the  plane. 
This  geometry  demonstrates  the  possibility  for  the  detuning 
wake  to  be  equal  to  the  driving  wake. 

The  final  example  treats  the  case  of  the  beam  passing 
along  a  small  resistive  cylinder,  Fig.  (lc);  the  detuning 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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wake  is  shown  to  dominate  here.  Taking  into  account  that 
the  image  charge  is  located  at  the  position  r'  =  rp2/r2  and 
assuming  the  cylinder  radius  p  to  be  much  smaller  than  the 
distance  between  the  beam  and  the  cylinder,  p  ro  = 
|d|  =  d,  the  longitudinal  electric  field  is: 

Es=~U  +  ^f)+C\n{r/p),  (5) 

p  \  rzr$  ) 

which  includes  an  arbitrary  constant  C.  The  small  dipole 
term  in  the  brackets  reflects  a  weak  dependence  of  the  fields 
on  the  source  position  ro-  To  find  the  constant  C,  it  can  be 
assumed  that  this  system  is  bounded  by  a  conducting  cylin¬ 
der  with  the  radius  R  S>  ro.  Then  the  constant  C  is  found 
by  equating  the  expression  for  the  monopole  part  of  Es  to 
zero  at  this  remote  surface,  giving  C  =  - ln2' ■ 

Then,  one  can  obtain  the  integrated  transverse  force  and 
finally  the  wakes: 

D<Z'1  =  ~  ^Ppindi/p)  'fVz  <6) 

(7) 

Introducing  the  detuning  factors  kx  = 

D(z)/Wx(z),  Ky  =  D(z)/Wy(z),  the  results  for  the 
various  geometries  are  expressed  as  kx  =  ±1  for  the  single 
plane,  kx  —  ±d2/(p2  In (R/p))  for  the  small  cylinder,  and 
kx  =  0  for  the  round  chamber. 

The  driving  wake  function  W (z)  for  the  small  cylinder 
(7)  is  a  factor  oc  p/d  -C  1  smaller  than  the  wake  functions 
of  the  round  chamber  (3)  or  parallel  plates  (4)  with  the  same 
aperture.  This  result  demonstrates  how  the  transverse  insta¬ 
bility  can  be  suppressed  by  the  decrease  of  the  driving  wake 
function.  The  detuning  wakes  work  in  the  same  direction; 
they  damp  the  instability  even  more. 

Finally,  note  that  the  plane  wall  result  kx  —  ±1  is  valid 
not  only  for  the  resistive  wall  wake.  It  applies  as  well  to  the 
wake  generated  by  a  longitudinal  variation  of  the  chamber 
cross-section,  when  the  cross-section  is  a  significantly  elon¬ 
gated  figure  such  as  a  rectangle  or  ellipse. 

3  COHERENT  STABILIZATION  BY  THE 
DETUNING  WAKE 

The  detuning  wake  modulates  the  betatron  frequencies 
along  the  bunch.  Such  a  modulation  introduced  by  means 
of  an  RF  quadrupole  was  studied  in  Ref.  [6].  It  was 
shown  there  that  the  transverse  instabilities  can  be  strongly 
damped  in  this  case  because  the  particles  are  kept  out  of  res¬ 
onance  with  each  other.  Following  Ref.  [6],  the  numerical 
results  for  the  influence  of  the  detuning  wake  on  the  trans¬ 
verse  mode  coupling  instability  are  presented  below. 

Assuming  the  bunch  to  consist  of  particles  with  the  same 
synchrotron  amplitude  a  and  a  homogeneous  distribution 
over  the  synchrotron  phase  (the  so-called  air-bag  model 


[2]),  the  transverse  equation  of  motion  is  written 

^+uj2x(<f>)  =  Fx(<P) 

F*(4>)  =  -  2^r  -  D{z)x{<j>))d(t>' 

(8) 

Here  cj>  is  the  synchrotron  phase,  ujb  and  uis  are  the  betatron 
and  the  synchrotron  frequencies,  and  N  is  the  number  of 
particles  in  the  bunch.  An  expansion  of  the  deviation  x(4>) 
over  the  synchrotron  harmonics 

+oo 

x(<j>)  =  e~iu>bt  Xne~ia“’t+in4’,  (9) 

n=—oo 

reduces  Eq.  (8)  to  a  set  of  algebraic  equations  for  the  eigen¬ 
vector  components  xn  and  the  eigenvalues  a  : 

xn(a  -  n)  =  K  oo  xmKnm,  K  =  2xJ7 rnlju,! 

Knm  =  f*  cos(ncf>)d<p  W{z)cos{m<j>')d<j> 

Jo  cos{{n  ~  m)<t>)d<f>  f*  D{z)d<j>' , 

(10) 

where  the  influence  of  the  coherent  interaction  is  taken  to  be 
small  in  a  comparison  with  the  transverse  focusing,  aw8  -C 
u>b.  To  resolve  such  equations,  the  sum  has  to  be  truncated 
to  a  finite  number  of  the  modes.  In  the  numerical  calcula¬ 
tions,  five  modes  were  taken  initially;  then,  the  results  were 
compared  with  nine-  and  fifteen-mode  truncations.  All  the 
resistive  wall  wake  functions  have  the  following  form: 

W{z)  =  -Q/y/z,  D(z)  —  —nQ/ \fz, 

where  Q  is  the  geometry  factor.  The  examples  for  the  de¬ 
tuning  factor  k  are  given  above. 

Figure  2  presents  plots  for  dimensionless  eigenvalues  a 
as  functions  of  the  dimensionless  intensity  parameter 

1  =  KQ/sfd  (11) 

at  various  detuning  factors  k.  The  dependence  of  the  mode 
behavior  on  this  factor  is  seen  to  be  significant. 

The  mode  coupling  instability  threshold  is  least  for  the 
symmetric  case,  k  =  0.  At  k  =  1,  coupling  and  decoupling 
thresholds  merge  (degenerate  case)  and  the  beam  is  stable 
for  any  current.  This  result  is  valid  for  any  mode  trunca¬ 
tion,  so  it  appears  to  be  an  exact  property.  A  small  coupling¬ 
decoupling  instability  area  appears  again  at  higher  k. 

Fig.  (3)  shows  the  threshold  behavior  versus  coefficient 
of  asymmetry  k  for  the  five,  nine  and  fifteen  modes  calcula¬ 
tion.  The  instability  threshold  has  its  minimum  for  the  sym¬ 
metric  chamber,  k  =  0.  Then  it  increases  with  the  absolute 
value  of  the  detuning  factor  and  has  two  asymmetrical  max¬ 
ima  atx«  —1.5  and  k»2. 

The  results  shown  in  this  figure  should  be  interpreted 
carefully,  taking  into  account  that  an  asymmetry  not  only 
introduces  the  detuning  wake  but  also  changes  the  driving 
wake.  For  instance,  the  thresholds  for  the  resistive  wall,  ex¬ 
amples  a)  and  b)  (Fig.  1)  with  h  =  b,  differ  approximately 
by  a  factor  of  4  x  1.5  =  6,  where  the  factor  4  is  related  to 
the  driving  wake  damping  and  the  factor  1.5  is  the  benefit 
due  to  the  detuning  for  k  =  —  1,  according  to  the  Fig.  (3). 


1711 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


4  CONCLUSIONS 


Figure  2:  Eigenvalues  a  versus  the  intensity  parameter  I 
for  various  detuning  factors  n  =  0  (top)  and  k  =  1  (bot¬ 
tom). 


Only  one  kind  of  wake  function,  called  here  the  driving 
wake  function,  has  been  conventionally  taken  into  account 
for  the  beam  stability  analysis.  It  has  been  shown  that 
this  conventional  approach  can  lead  to  significant  under¬ 
estimation  of  the  beam  stability  thresholds  for  non-round 
vacuum  chambers.  For  asymmetric  vacuum  chamber  ele¬ 
ments,  which  are  usual  in  practice,  the  detuning  wake  func¬ 
tion  must  be  taken  into  account;  conventional  codes  like 
MAFIA  need  to  be  improved  accordingly.  For  all  of  the  ex¬ 
amples  here,  an  asymmetry-driven  increase  of  the  detuning 
wake  combines  with  a  decrease  of  the  conventional  wake; 
both  of  these  factors  favor  beam  stability.  These  properties 
of  asymmetric  cross-sections  look  promising  for  design  of 
future  accelerators. 

The  authors  are  grateful  to  Bruno  Zotter,  Sam  Heifets  and 
Vladimir  Shiltsev  for  interesting  discussions.  Our  special 
thanks  are  to  Jim  Maclachlan  and  Jeff  Holmes  for  their  nu¬ 
merous  stylistic  corrections  of  the  manuscript. 
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Figure  3:  Intensity  threshold  of  the  transverse  mode  cou¬ 
pling  instability  T  versus  the  detuning  factor  k  for  the  5- 
mode  (solid  line)  9-mode  (thick  dash  line)  and  15-mode 
(thin  dash  line)  truncations. 
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SLOTTED  WAVEGUIDE  SLOW-WAVE  STOCHASTIC  COOLING 

ARRAYS* 

D.  McGinnis*,  FNAL,  Batavia,  IL 


Abstract 

The  slotted  waveguide  slow-wave  stochastic  cooling 
arrays  are  an  integral  part  of  the  4-8  GHz  Debuncher 
Upgrade  at  FNAL.  Unlike  the  standard  array  of  stripline 
electrodes,  these  structures  are  designed  to  work  when 
the  beam  pipe  can  support  many  microwave  modes.  The 
design  theory  and  beam  measurement  results  of  this  new 
type  of  pickup  structure  will  be  presented  in  this  paper. 

1  INTRODUCTION 

In  previous  collider  runs  at  Fermilab,  all  of  the 
stochastic  cooling  pickup  and  kicker  arrays  consisted  of 
stripline  or  planar  loop  electrodes.  The  signals  from 
these  electrodes  are  combined  with  a  binary  combiner 
tree  formed  by  microstrip  or  stripline  transmission  lines. 
With  a  binary  combining  scheme,  there  must  be  no 
waveguide  modes  traveling  down  the  beam  pipe  that 
would  provide  an  alternate  signal  path  in  parallel  to  the 
binary  combiner  tree. 

The  nominal  Debuncher  transverse  aperture  is  30  n- 
mm-mrad  (95%  un-normalized).  To  account  for  closed- 
orbit  variations,  the  design  aperture  of  the  cooling  arrays 
was  set  at  40  7t-mm-mrad.  With  lattice  beta  functions  on 
the  order  of  10  meters,  the  transverse  dimensions  of  the 
beam  pipe  will  be  about  40  mm  which  will  propagate 
waveguide  modes  above  4  GHz.  The  presence  of 
travelling  waveguide  modes  in  the  beam  pipe  will  limit 
the  workable  fractional  bandwidth  of  the  cooling  arrays. 


Figure  1 :  Conceptual  drawing  of  a  slow  wave  pickup 


The  solution  was  to  divide  the  4-8  GHz  bandwidth 
into  4  narrower  bands  with  each  band  having  a 
bandwidth  of  about  1  GHz.  The  cooling  arrays  are  built 
with  slot  coupled  "slow-wave"  waveguide  structures  as 

’  Work  supported  by  the  United  States  Department  of  Energy  under 
contract  No.  DE-AC02-76CH03000 
‘Email:  mcginnis@fhal.gov 


shown  in  Figure  1.  The  structure  consists  of  two 
rectangular  waveguides  that  are  coupled  to  a  rectangular 
beam  pipe  by  a  series  of  slots.  The  transverse  signal  is 
derived  from  the  difference  between  the  two  waveguides 
and  the  momentum  signal  is  derived  from  the  sum  of  the 
two  waveguides. 

The  image  current  that  flows  along  the  walls  of  the 
beam  pipe  due  to  a  charged  particle  beam  travelling  in 
the  center  of  the  beam  pipe  excites  electromagnetic 
magnetic  waves  in  the  slots  which  in  turn  excite 
travelling  waveguide  modes  in  the  side  waveguides  and 
beampipe.  Since  the  phase  velocity  of  the  unperturbed 
waveguide  modes  is  faster  than  the  beam  velocity,  the 
slots  also  act  to  "slow  down"  the  waveguide  modes  by 
multiple  reflections  so  that  the  phase  velocity  of  the 
waveguide  modes  along  the  structure  matches  the  beam 
velocity. 

2  MOMENT  METHODS 

The  structure  can  be  analyzed  using  the  moment 
method  technique.[l]  Using  the  equivalence  principle^], 
the  slots  in  the  sides  of  the  waveguides  can  be  replaced 
with  metal  walls  and  an  equivalent  magnetic  current 
source  as  shown  in  Figure  2.  The  magnetic  current 
source  is  derived  from  the  tangential  electric  field  in  the 
slot.  The  magnetic  field  in  Region  I  is: 

H[1)=H[inc)1+^t(1)(Etxy)  (1) 

where  the  first  term  on  the  RHS  of  Eqn.  1  is  the 
magnetic  field  as  if  the  slot  did  not  exist  and  the  second 
term  is  the  field  due  to  the  magnetic  current  source 
inside  the  slot.  The  magnetic  field  across  the  slot  must  be 
continuous: 


This  is  the  key  equation  of  the  moment  method.  Since 
H(ine)  js  known,  this  equation  can  be  inverted  to 
determine  Et  in  the  aperture.  Because  Eqn.  2  is  an 
integral  equation,  it  is  best  solved  by  numerical  methods. 
Let  the  tangential  electric  field  in  the  aperture  be  given 
by: 

Et  =xX£xnen(x>z)  +  z££znVn(x-z)  (3) 
n  n 

where  0n(x,z)  and  \|/n(x,z)  are  a  set  of  orthogonal 
functions.  If  the  slots  are  very  narrow  in  the  z  direction, 
the  x  component  of  electric  field  can  be  neglected. 
Equation  2  can  be  turned  into  a  matrix  equation  by 
multiplying  it  by  a  set  of  orthogonal  weighting  functions 
<t>m(x,z)  and  integrating  over  the  entire  x-z  plane. 
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(♦„  !««“>,)— (*m|H<r>2) 

where: 

(<t>m  |fl'vk)  |  Vn)  =  (x>  z)u[k)  (xt|/n  (x,  z))\xdz 

x,zV  ' 

(5) 

and: 

}|f<|)m(x,z)H(vinc)i(x,z)\xdz  (6) 
x,z^  J 

Equation  4  forms  a  set  of  linear  equations,  which  can  be 
inverted  to  find  the  electric  field  coefficients  EZn-  If  the 
electric  field  expansion  functions,  <j>  and  \|/,  are  chosen  to 
be  as  close  to  the  actual  solution  as  possible  then  only  a 
few  terms  of  the  expansion  will  be  needed  and  the  size 
of  the  matrix  to  be  inverted  will  be  minimized. 

The  electromagnetic  fields  leaving  a  region  of  sources 
as  shown  in  Figure  3,  can  be  expanded  in  terms  of 
waveguide  modes: 

(7) 

n 

H±=IC±(±htn+hZn>:pjPnZ  (8) 

n 

where  e„  and  hn  are  the  waveguide  modes.  Using  Lorentz 
reciprocity,  the  mode  coefficients  Cn  are  given  as[3]: 

C»  -  ViPmI“v  (9) 

4P»  «  -(Thlm+hZm)'M 


where 


For  example,  the  magnetic  field  in  a  waveguide  due  to  a 
charged  particle  beam  travelling  in  the  +z  direction 
located  at  xb,yb: 

J(x,  y,  z)  =  z~-8(x-xb)6(y-yb)e_jKZ  (11) 
is  given  as: 


Hxnc(x,y,z)  = 


4b  y  Czn  ^xb’yb)  2j|3n  y)e~jKz 

2f  4Pn  K2-Pn2  X"(X’y) 

Beam - *  ^  * 


Region  I 
Region  n 


Ms=E,xv 


M  =-  Ex  y  \ 

S  t  \ 

Aperture 

Figure  2:  Equivalent  magnetic  source  in  slots. 


/' 

M  \ 

Z" E  z  Z+Z 

Figure  3:  Elemental  volume  in  waveguide  containing 
sources 

3  ARRAY  IMPEDANCE 

For  the  transverse  mode,  the  pickup  impedance  of  the 
array  is  derived  from  the  relationship  between  the 
difference  in  power  excited  in  opposing  output 
waveguides  as  a  function  of  beam  current  and  beam 
position  traveling  through  the  array: 

1  1  fih  f  (  y  f 

=2ZV  T  fl  <13) 

The  kicker  impedance  of  the  array  is  derived  from  the 
relationship  between  the  transverse  change  in  beam 
momentum  as  a  function  of  input  power  supplied  to 
opposing  input  waveguides: 

/ .  \2 


Pk 

k  2 


where 


oo 

=  /(Ey-tlHx^dz 


for  a  beam  travelling  in  the  -z  direction.  Since  the  ends 
of  the  array  are  not  well  defined,  the  limits  of  this 
integral  are  difficult  to  evaluate  numerically. 

Another  way  to  evaluate  the  integral  is  to  use  Lorentz 
reciprocity  on  the  geometry  shown  in  Figure  4.  The 
fields  for  the  pickup  case  and  the  kicker  case  are  related 
by: 

^(ep  xHk  -Ek  xHp)«ndS 


=  jjj(llk  «MP  -Ek  •  Jp)lv 


where  the  k  indicates  the  kicker  fields  an  sources  and  the 
p  indicates  pickup  fields  and  sources.  If  the  absorber 
kills  the  pickup  and  kicker  fields  at  ports  2  and  4  and 
only  the  fundamental  waveguide  mode  propagates  in 
ports  1  and  3,  then  the  left  hand  side  of  the  reciprocity 
integral  of  Eqn.  14  is  zero  for  ports  2,  3,  and  4.  The 
integral  is  non-zero  only  at  port  1.  If  a  current 
distribution: 
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jp  =yjS(x-xb)5(y-yb)e  (16) 

Mp  =xri^-8(x-xb)5(y-yb)e_-jKZ  (17) 

(which  is  unphysical)  is  substituted  into  Eqn.  14  and  a 
pickup  impedance  of  the  following  form  is  defined: 

-  i(ihf_ 

P  =  -  —  ZA  (18) 

2l  2  J  Ap 

then  the  kicker  impedance  defined  in  Eqn  13  is  given  as: 

2ZAp  =ZAk  (19) 


Figure  4:  Slow  wave  array  showing  surface  for 
reciprocity  integral 

4  MEASUREMENTS 


A  vertical  slow  wave  pickup  centered  at  6  GHz  was 
installed  in  the  Debuncher  ring.  The  pickup  consisted  of 
50  slots.  The  length  of  each  slot  was  17.5  mm  and  the 
width  was  2mm.  The  metal  spacing  between  each  slots 
was  3mm.  The  height  of  the  output  waveguide  was  20 
mm  and  the  width  was  40mm.  The  width  and  the  height 
of  the  beam  pipe  were  40  mm. 


-0.5  -0.25  0  0.25  0.5 


Frequency  (MHz) 

Figure  5.  Narrow-band  signal  of  the  slow  wave  pickup  in 
the  difference  mode  at  several  microwave  frequencies 

Unbunched,  coasting  beam  was  injected  into  the 
Debuncher  and  stored.  The  beam  was  transversely 
excited  with  RF  noise  until  the  beam  filled  the  transverse 
aperture.  The  power  spectrum  was  measured  with  a 
spectrum  analyzer  at  several  frequencies  as  shown  in 
Figure  5.  .  The  transverse  aperture  could  be  varied  by 
means  of  a  mechanical  beam-scraping  device  (scraper). 
The  transverse  beam  distribution  was  determined  by 
measuring  the  amount  of  beam  current  remaining  as  a 
function  of  scraper  position. 

The  impedance  of  the  array  was  determined  by 
measuring  the  power  spectral  density  with  a  spectrum 
analyzer  with  and  without  beam.  The  resolution 
bandwidth  of  the  spectrum  analyzer  was  set  much 


greater  than  the  revolution  frequency  of  the  Debuncher 
so  as  to  average  over  the  momentum  distribution  of  the 
beam.  The  sum  mode  impedance  is: 


2z=(g-l)NfS|he,m' 

eIdc 


(20) 


The  difference  mode  impedance  is 

ZA  =  (g-l)  N.fSa^  (21) 

Mdc(f) 


where  Nf  is  the  noise  figure  of  the  pre-amplifier,  S  .  is 
the  power  spectral  density  of  white  thermal  noise  (which 
is  equal  to  -174  dBm/Hz  at  room  temperature),  Idc  is  the 
beam  current,  a  is  the  r.m.s  transverse  size  of  the  beam, 
and  d  is  the  transverse  size  of  the  beam  pipe.  The 
quantity  "g"  is  defined  to  be  the  ratio  of  the  power  per 
revolution  band  when  there  is  beam  in  the  machine  to 
when  there  is  no  beam  in  the  machine: 

g  —  ^beam  +p>noise  ^2) 

pnoise 

The  results  are  shown  in  Figures  6  and  7.  The  calculated 
impedance  had  to  be  adjusted  by  4  dB  to  account  for  the 
measured  cable  and  hybrid  loss  between  the  array  and 
pre-amplifier. 


Frequency  (GHz) 

Figure  6.  Difference  response  of  the  slow  wave  pickup. 


Ftapeisy  (GHz) 

Figure  7.  Sum  response  of  the  slow  wave  pickup. 
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Abstract 

Using  a  moment  formalism  [1,  2]  we  model  beam  trans¬ 
port  in  the  muon  collider  cooling  channel.  This  model  con¬ 
tains  much  of  the  physics  we  believe  to  be  relevant  to  muon 
cooling  such  as  ionization  energy  loss  and  multiple  scatter¬ 
ing.  Space-charge  forces  are  currently  neglected  but  can, 
in  principle,  be  added  to  the  model.  Previously,  this  model 
has  been  shown  to  closely  agree  with  particle  tracking  [1] 
while  being  significantly  less  computationally  intensive. 
Presently  our  simulation  is  limited  to  the  six-dimensional 
dynamics  of  the  transverse  cooling  section.  A  matrix  rep¬ 
resentation  of  an  emittance  exchange  section  is  presented. 
This  formulation  of  emittance  exchange  can  either  be  ideal 
(conserving  6-d  emittance)  or  can  include  energy  loss  and 
heating  representative  of  the  effects  expected  in  a  realistic 
emittance  exchange  section.  These  elements  should  give 
our  model  sufficient  generality  to  enable  the  preliminary, 
yet  realistic,  design  of  a  complete  muon  cooling  channel. 

1  INTRODUCTION 

A  significant  technological  challenge  in  the  design  of  a 
high-luminosity  p+p~  collider  is  the  cooling  of  the  muon 
beam.  When  the  muons  are  produced  the  initial  beam  occu¬ 
pies  such  a  large  volume  in  phase  space  that  efficient  accel¬ 
eration  is  impractical.  The  successful  reduction  of  the  ini¬ 
tial  phase-space  of  the  muon  beam  by  a  factor  of  105-106  is 
necessary  to  reach  the  luminosity  goals  demanded  by  high- 
energy  physics  applications  [3].  Furthermore,  this  cooling 
must  take  place  on  a  time  scale  that  is  set  by  the  muon  life¬ 
time.  Thus,  cooling  mechanisms  such  as  synchrotron  radi¬ 
ation,  microwave  stochastic  cooling  and  sympathetic  beam 
cooling  are  all  too  slow.  Of  several  possible  rapid  cooling 
mechanisms,  ionization  cooling  appears  to  be  the  most  at¬ 
tractive  technologically  [3].  The  basis  physics  of  ionization 
cooling  is  well  understood  [4,  5]  but  detailed  simulations 
are  necessary  for  the  design  of  a  realistic  cooling  channel. 

The  design  process  necessarily  entails  exploration  of  a 
large  parameter  space.  The  initial  stages  of  the  design  es¬ 
sentially  amount  to  rejecting  unsuitable  configurations  and 
identifying  promising  candidates  for  further  study.  Per¬ 
forming  this  task  via  particle  tracking  is  laborious.  We 
present  a  moment  description  [1,  2]  of  the  cooling  process 
that  is  significant  less  computationally  intensive  than  full 

*  Supported  by  the  U.  S.  DoE  Division  of  High  Energy  Physics 
under  grant  No.  DEFG-03-95ER-40936  and  contract  No.  DEA-AC03- 
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tracking  but  still  contains  much  of  the  physics  relevant  to 
ionization  cooling.  While  this  approach  is  useful  in  iden¬ 
tifying  promising  designs,  particle  tracking  [6,  7]  remains 
an  essential  step  to  fully  validate  and  optimize  such  prelim¬ 
inary  designs. 


2  MOMENT  MODEL 


Details  of  a  formalism  for  describing  beam  dynamics  by 
moments  of  arbitrary  order  is  given  in  Ref.  [2].  Here,  we 
study  transverse  cooling  considering  only  moments  up  to 
second  order.  In  this  model,  the  centroid  is  acted  upon  by 
the  full  nonlinear  Lorentz  forces  while  the  quadratic  mo¬ 
ments  are  subjected  to  forces  linearized  about  the  centroid 
position.  For  simplicity,  we  restrict  to  the  case  where  the 
beam  centroid  deviates  little  from  the  axis  of  the  chan¬ 
nel.1  This  results  in  a  reduced  model  where  the  trans¬ 
verse  centroid  motion  is  eliminated  and  we  follow  the 
evolution  of  (z),  ( pz ),  (5a:2),  (Sy2),  ( 6z 2),  (Sp2x),  (5p2), 
(5p2),  ( 5x5px ),  ( SySpy ),  ( 8xSy ),  (SxSpy),  (dy5px),  and 
(6px  Spy ) ,  where  (•)  denotes  an  average  over  the  beam  dis¬ 
tribution  and  5x  =  x  -  (x)  etc. 

The  lowest-order  effects  of  multiple-scattering  (MS)  are 
incorporated  into  the  moment  equations  as 


d(6pl) 

dt 

d(6p2y) 

dt 


=  (P*)2 


=  (Pz)2 


d(z)  dOfi 
dt  ds 

d(z)  d9% 
dt  ds  ’ 


(1) 

(2) 


where  9 o  is  the  (energy  dependent)  width  of  the  Moliere 
distribution  as  given  by  Lynch  and  Dahl  [8].  Ionization 
energy  loss  (EL)  enters  the  single  particle  equations  as  a 
frictional  force  in  the  direction  of  the  particle  momentum 
and  subsequently  enters  the  moment  equations  of  motion 
as 


d(pz) 


dt 


(dp2x)  +  (dp2) 
2  (Pz) 


dE' 

ds 


((Pz))  -  Pz )) 


dE" 

ds 


((Pz)) 


(3) 


d(dp2x) 


dt 

d(Sp2z) 


dt 


—  2  (dpi)  ™\(P,)) 


(4) 

(5) 


'This  assumption  is  consistent  with  ICOOL  results  of  simulating  the 
nominal  cooling  channel  [3]. 
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Figure  1:  Results  of  the  moment  model  compared  with 
particle  tracking  neglecting  the  longitudinal  spread  of  the 
beam. 


d(Spx  Sx) 
dt 

d{Spx  Sy) 
dt 

d{5pz  Sz) 
dt 


{ 5px6x )  dE  .. 

“fcT  *  (w> 

ip,)  ds  [{Pz)) 
(5pzSz)  ^  ({pz)) 


d(6Px  Spy)  2( 5pxSpy)dE  (9) 

dt  EL  (Pz)  ds 

where  dE / ds  is  the  average  energy  loss  due  to  ionization  as 
given  by  the  Bethe-Bloch  model  and  equations  for  { bp\ ), 
(SpySy),  and  ( 5pySx )  are  given  by  the  obvious  substitu¬ 
tions.  Energy  (Landau)  straggling  has  been  neglected  but 
its  inclusion,  in  a  statistically  averaged  sense,  is  planned  for 
the  future. 
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Figure  2:  Results  of  the  moment  model  compared  with  par¬ 
ticle  tracking  including  full  longitudinal  dynamics. 


3  RESULTS 

We  present  results  from  two  variants  of  our  model.  In  the 
first,  shown  in  Fig.  1 ,  we  approximate  the  initial  beam  as 
having  no  longitudinal  extent  and  use  a  simple  constant 
gradient  model  for  the  linac.  Even  with  this  idealization, 
we  obtain  excellent  agreement  with  ICOOL  tracking  re¬ 
sults  and  the  only  discrepancies  can  be  attributed  to  dif- 
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ferences  in  the  linac  models.  As  can  be  seen,  the  normal¬ 
ized  transverse  emittance  (defined  as  the  determinant  of  the 
second-order  transverse  covariance  matrix)  is  constant  ex¬ 
cept  where  the  beam  passes  through  the  absorbers.  Note 
even  the  high-frequency  oscillations  in  (Sp2x)  and  (Sx2)  are 
reproduced  by  the  moment  model.  In  the  second  variant, 
shown  in  Fig.  2,  the  full  longitudinal  dynamics,  as  dis¬ 
cussed  above,  are  included  and  the  linac  is  modeled  as 
a  traveling  wave  structure.  Here  again  good  agreement 
with  ICOOL  is  obtained  in  the  transverse  dynamics.  The 
longitudinal  agreement  is  less  perfect,  with  the  moment 
model  showing  a  factor  of  1.5  increase  in  longitudinal  emit¬ 
tance  compared  with  the  ICOOL  prediction  of  2.1.  Possi¬ 
ble  sources  of  this  discrepancy  are  differences  in  the  linac 
model  (most  notably  an  absence  of  Beryllium  windows  in 
the  traveling  wave  linac)  as  well  as  incompleteness  in  our 
treatment  of  the  material  interaction. 


M2  — >  M2  =  W  M2  WT.  Choosing  w  so  that  ( 5x5pz )'  is 
zero  leads  to  ideal  exchange: 


f  <fe2>  0  ) 

{  0  (Spl)  J  “ 

f(5x2)  +  d2(5p2z) 


0 

(Spl)  (fix2) 
{5x2)  +d2(Sp2)  , 


(li) 


A  similar  matrix  can  be  used  to  in  the  y  —pz  plane  complet¬ 
ing  the  transverse-longitudinal  exchange.  This  formulation 
can  be  easily  extended  to  reflect  the  heating  and  energy  loss 
that  occurs  in  the  wedge  absorbers  of  the  actual  exchange 
section. 


5  CONCLUSIONS 


4  EMITTANCE  EXCHANGE 

As  the  beam  proceeds  through  the  transverse  cooling  sec¬ 
tion,  not  only  is  the  transverse  emittance  reduced  but  the 
longitudinal  emittance  is  increased  due  to  Landau  stran¬ 
gling  as  well  as  to  the  dependence  of  the  ionization  en¬ 
ergy  loss  on  the  beam  energy.  To  prevent  the  longitudinal 
emittance  from  growing  without  bound  it  is  necessary  to 
periodically  exchange  emittance  between  the  longitudinal 
and  transverse  dimensions.  For  a  preliminary  design  we 
feel  that  it  is  sufficient  to  represent  this  exchange  process 
in  a  simplified  form.  One  such  simplification  is  shown  in 
Fig.  3.  The  combination  of  dispersion  and  phase  rotation 
has  overall  effect  of  converting  a  beam  with  large  spread  in 
Spz  and  small  Sx  into  one  with  a  small  spread  in  5pz  and 
correspondingly  larger  Sx. 


Figure  3:  Exchanging  emittance  between  x  and  z. 

In  terms  in  the  single  particle  phase  space,  this  action 
can  be  expressed  as: 

W=  f  1  d ,  1  .  (10) 

(  —w  1  —  dw  J 

The  second  order  moments  are  of  interest  are  M2  =  (3  3T), 
where  3T  =  (Sx,  5pz).  The  effect  on  the  moments  is  then 


We  have  demonstrated  that  a  moment  description  of  muon 
cooling  contains  sufficient  physics  to  yield  results  equiv¬ 
alent  to  particle  tracking  insofar  as  the  average  transverse 
dynamics  are  concerned.  With  regard  to  the  longitudinal 
dynamics  the  degree  of  agreement  is  harder  to  judge  due 
to  the  differences  in  accelerator  geometry  as  well  as  to 
physics  missing  from  the  moment  model.  Further  work 
towards  understanding  the  source  of  the  discrepancy  with 
particle  tracking  results  is  underway.  We  are  also  working 
to  improve  the  material  interactions  model  in  the  simula¬ 
tion.  The  inclusion  of  an  analytic  expression  for  emittance 
exchange,  as  discussed  above,  in  the  simulation  allows  for 
the  design  a  full  cooling  system. 
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TRANSVERSE  INSTABILITY  DUE  TO  THE  SPACE  CHARGE  DURING 
THE  ELECTRON-COOLING  BUNCHING  OF  ION  BEAMS 


MrTakanaka,  T.  Katayama,  RIKEN,  Wako,  Japan 


Abstract 

A  beam-tracking  simulation  has  been  done  for  study  of  the 
electron-cooling  bunching  of  ion  beams  around  a  few  hun¬ 
dred  MeV/u.  In  the  simulation,  the  field  due  to  the  space 
charge  of  a  beam  in  a  round  vacuum  chamber  is  calculated 
from  the  charge  distribution  of  macro-particles  and  the  im¬ 
age  particles  due  to  the  macro-particles.  The  simulation 
results  show  that  the  bunched  beams  meet  a  transverse  in¬ 
stability  more  easily  than  coasting  beams. 

1  INTRODUCTION 

Collision  experiments  with  ion-electron  beams  and  ion- 
ion  beams  are  planned  at  the  Double  Storage  Ring  of 
RIKEN  Rl-beam  factory  project.  Ion-beam  bunching  un¬ 
der  electron  cooling  has  been  investigated  by  using  a  beam¬ 
tracking  simulation  for  realization  of  the  bunched  beams 
required  for  the  experiments.  The  previous-simulation  re¬ 
sults  for  the  case  of  a  150-MeV/u  U^g -ion  beam  of  3.4 
mA[l]  have  shown  that  1)  the  beam  has  wide  incoherent- 
tune  spreads  longitudinally  and  transversely,  2)  the  beam 
is  not  trapped  into  resonances  due  to  the  nonlinear  fields 
of  magnets,  and  3)  the  beam  is  stable  longitudinally  under 
the  longitudinal  broad-band  impedance  of  \Zbb /n\  =  5 
based  on  the  broad-band  impedance  model. 

The  transverse  space-charge  impedance  for  a  circle  type 
of  dipole  charge  distribution  is  described  as  follows; 


where  Zo  is  the  free  space  impedance,  R  the  mean  radius 
of  a  ring,  a  \/2xrms  beam  size,  and  b  the  inner  radius  of 
a  round  vadium  chamber.  Such  a  type  oi  impedance  be¬ 
comes  no  cause  of  instability,  as  the  force  induced  through 
the  impedance  is  proportional  to  the  transverse  beam  posi¬ 
tion  from  the  chamber  center.  There  is  a  question  Whether 
the  description  is  applicable  to  the  cases  of  the  space- 
charge-dominated  beams  or  not,  or  a  question  whether  a 
transverse  space-charge  force  induced  through  the  vacuum 
chamber  becomes  a  cause  of  instability  or  not.  For  the  sake 
of  answering  the  question,  the  field  due  to  the  space  charge 
in  a  round  vacuum  chamber  is  calculated  from  the  charge 
distribution  of  the  macro-particles  and  the  image  particles 
due  to  the  macro-particles  in  the  simulation  on  the  assump¬ 
tion  that  the  longitudinal  component  of  the  field  is  negligi¬ 
ble. 

Besides  the  above  calculation  of  the  field,  in  the  simula¬ 
tion  where  coupled-bunch  phenomena  are  not  dealt,  forces 


induced  through  the  transverse  broad-band  impedance  Zbb 
and  the  transverse  resistive  wall  impedance  have  newly 
been  taken  into  account  as  forces  acting  on  ions.  The  nota¬ 
tion  Z^T / n  is  used  just  for  parameterizing  Z^\ 


ybb  _ 

Zj’j'  — 


o  r?  ybb 
IK  6lt  . 

b2  n  '  1  J 


(2) 


The  transverse  broad-band  impedance  of  \Z^T/n\  = 
50  O  has  been  used  on  the  assumption  of  the  broad-band 
impedance  model.  The  ring  and  the  beam  input  parameters 
to  the  simulation  have  been  listed  in[l].  The  longitudinal 
and  transverse  cooling  times  for  a  zero-current  beam  are  5 
ms  and  about  20  ms  in  the  simulation,  respectively.  The 
following  simplification  has  been  done  in  the  simulation. 
1)  The  vacuum  chamber  has  a  round  cross  section  of  in¬ 
ner  radius  b  around  the  ring.  2)  The  p  functions  along  the 
ring  are  equal  to  the  average  ones,  and  a  functions  equal 
to  0.  3)  The  transverse  position  displacement  of  an  ion  due 
to  the  momentum  difference  is  neglected  in  order  that  the 
instability  described  later  is  seen  to  have  no  relation  with 
the  displacement.  4)  The  effects  of  nonlinear  fields  of  the 
magnets  on  beams  are  neglected  because  of  the  authors’  fo¬ 
cus  just  on  the  instability.  5)  The  transverse  field  due  to  the 
space  charge  is  calculated  from  the  transverse  charge  distri¬ 
bution  that  is  made  vertically  symmetry  by  counting  half  a 
macro-particle  at  the  coordinates  (x,  y)  located  at  (x,  —y). 
Otherwise,  the  instability  can  occur  in  the  horizontal  and 
the  vertical  directions,  and  the  analysis  of  the  beam  behav¬ 
ior  becomes  more  complicated. 


2  SMALL  VACUUM  CHAMBER 

In  the  vacuum  chamber  of  b  =  40  mm,  a  150-MeV/u  - 

ion  coasting  beam  of  3.4  mA  is  initially  electron-cooled  to 
6xrms  momentum  spread  of  5xl0~4,  and  is  bunched  by 
applying  a  fundamental  RF  (harmonics  no.,  or  h  =87)  volt¬ 
age.  Every  RF  bucket  is  filled  with  the  beam.  The  bunch 
spacing  is  3.0  m.  The  RF  voltage  is  increased  gradually 
with  the  momentum-spread  kept  constant  in  order  that  the 
bunch  length  is  made  short. 

Such  a  process  was  simulated  with  results  as  shown  in 
Fig  1 .  The  amplitude  of  the  horizontal  beam  position  be¬ 
comes  increased  a  synchrotron  period  after  applying  the  RF 
voltage.  After  then,  the  horizontal  emittance  is  blown  up 
ten-times  large  within  two  synchrotron  periods.  The  maxi¬ 
mum  instantaneous  current  at  5.1  ms  is  10  mA  at  the  bunch 
center.  The  horizontal  phase-space  distribution  at  5.1  ms  is 
shown  in  Fig  2.  The  instability  is  seen  to  be  of  the  trans¬ 
verse  dipole  mode.  The  betatron-oscillation-phase  differ- 
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ence  from  the  head  to  the  tail  of  the  dense  bunch  1 .5  m  long 
is  about  1  /27r.  The  difference  4>b  is  understood  in  terms 
of  the  slippage  factor  p,  the  chromaticity  £,  and  the  bunch 
length  lb\ 


(3) 


I  II  '■  III  .  J . . . . U - . _ I  0.001 

e  10  0  0.8  1.6  2.4  3.2  4  4.8  5.6 
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Figure  1 :  Instability  in  the  vacuum  chamber  of  40  mm  inner 
radius  during  the  electron-cooling  bunching. 


x‘  (rad)  x'(rad) 

1 10  "2  x  10 


Figure  2:  Horizontal  phase-space  distribution.  The  ellipse 
is  for  a  reference. 


3  COHERENT  TRANSVERSE 
OSCILLATION 


The  dipole  moment  of  a  coherent  transverse  oscillation 
(transverse  displacement  xl  =  I\)  is  Fourier-expanded  as 
follows; 


Ii  (t,  s)  =  ^  n)  exp 
fi,n 


(4) 


where  A  is  the  component  amplitude,  t  the  time,  s  the  lon¬ 
gitudinal  position,  the  coherent  frequency,  and  the  inte¬ 
ger  n  the  oscillation  number  around  a  ring.  w0,  described 
later,  is  the  revolution  frequency. 


Figure  3  shows  the  spectrum  of  the  horizontal  dipole  mo¬ 
ment  around  5.2  ms.  There  is  no  remarkable  different  spec¬ 
trum  between  the  fast  waves  with  n  >  0  and  the  slow  waves 
with  n  <  0.  A  single  peak  of  the  major  structure  of  the  sig¬ 
nal  along  0,/ujo  -  nh  «  p  +  0.38  (  the  integer  p= fixed, 
the  integer  n=variable  )  means  that  the  head-tail  mode  of 
the  instability  is  the  so-called  rigid-bunch  mode.  The  sig¬ 
nal  has  synchrotron  satellites  on  the  both  sides,  as  shown 
in  two  lower  of  Fig.3.  The  fractional  coherent  tune  is  read 
0.3733  and  0.3867  from  peak’s  coordinates  of  the  signals 
with  p  >  0  and  p  <  0,  respectively,  while  the  fractional 
incoherent  tune  is  estimated  at  0.380  ±  0.005  from  an  FFT 
analysis. 


Amplitude 
m*A 


in/&v-nhl 
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Figure  3:  Spectrum  of  the  dipole  mode  of  coherent  trans¬ 
verse  oscillation  which  has  low-level  signals  cut  away. 


4  LARGE  VACUUM  CHAMBER 

The  simulation  was  done  on  the  same  condition  as  de¬ 
scribed  in  Section  2  except  for  the  double-sized  vacuum 
chamber  of  b  =  80  mm.  The  simulation  results  show  that 
the  beam  is  as  stable  as  in  the  previous  case[l]  up  to  on 
the  way.  After  the  beam  is  bunched  by  applying  the  fun¬ 
damental  RF  voltage  20  kV  and  becomes  shorter  than  1  m 
to  the  degree  that  the  third  harmonic  RF  voltage  can  be  ap¬ 
plied,  the  bunching  is  prompted  by  applying  the  third  har¬ 
monic  RF  voltage.  The  beam  meets  the  instability  when 
the  6xrms  bunch  length  reaches  0.6  m.  Figure  4  shows  the 
emittance  blowing-up  on  two  impedance  conditions;  the 
one  being  the  broad-band  impedance  of  \Z^T/n\  =  50  tt 
and  the  resistive  wall  impedance,  and  the  other  no  broad¬ 
band  impedance  nor  the  resistive  wall  impedance.  The 
maximum  instantaneous  currents  at  38.5  ms  and  39.5  ms 
are  37  mA  and  39  mA  at  the  bunch  center,  respectively. 
The  instability  threshold  is  seen  to  be  dependent  not  only 
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Figure  4:  Instability  in  the  vacuum  chamber  of  inner  radius 
6=80  mm  during  the  electron-cooling  bunching.  The  Thick 
curves  are  for  the  high  impedance  condition,  and  the  thin 
curves  for  no-impedance  condition. 


on  the  inner  radius  of  the  vacuum  chamber  but  also  on  the 
transverse  broad-band  impedance. 

It  is  preferable  from  the  viewpoint  of  the  instability  cure 
that  the  inner  sizes  of  the  vacuum  chamber  surroundings 
around  the  ring  are  designed  to  be  as  wide  as  possible  to 
the  degree  that  the  broad-band  impedance  of  the  ring  does 
not  increase  so  high. 

5  COASTING  BEAMS 


Figure  5:  70  mA  coasting  beam  electron-cooled  in  the  vac¬ 
uum  chamber  of  inner  radius  6=40  mm. 


In  the  case  of  a  bunched  beam,  the  coherent  transverse 
oscillation  is  not  diluted  for  the  following  reason.  Local¬ 
ized  ions  synchrotron-oscillate  and  remain  localized  in  the 
RF  separatrix,  although  ions  localized  near  the  boundary 
of  the  separatrix  spread  along  the  boundary  in  time  owing 
to  the  non-linearity  of  the  synchrotron  frequency.  There  is 
a  limitation  on  the  betatron-oscilation-phase  difference  be¬ 
tween  an  ion  and  the  synchronous  particle.  The  variation 
of  the  difference  is  described  in  the  term  of  the  longitudi¬ 
nal  distance  z*  to  the  ion  from  the  synchronous  particle  by 
Eq.  (3)  in  which  4  is  replaced  with  —  Zj.  Therefore,  the 
distribution  of  the  phase  difference  of  the  beam  is  periodic 
at  the  synchrotron  frequency. 

It  can  be  said  from  the  above  that  coherency  of  the  trans¬ 
verse  oscillation  is  very  low  for  a  coasting  beam  and  high 
for  a  bunched  beam.  Such  high  coherency  is  considered 
to  be  one  of  causes  that  make  the  bunched  beams  meet  the 
instability  more  easily  than  coasting  beams. 


For  the  sake  of  checking  whether  the  instability  described 
in  Section  2  is  merely  due  to  the  increase  of  the  instan¬ 
taneous  beam  current  or  not,  the  simulation  was  done  of 
higher-current  coasting  beams  under  the  electron  cooling 
in  the  small  chamber  of  6  =  40  mm. 

The  simulation  results,  as  shown  in  Fig.  5,  show  that  the 
coasting  beam  is  stable  even  in  the  case  where  the  coasting- 
beam  current  of  70  mA  is  7  times  higher  than  the  maximum 
instantaneous  current  of  the  bunched  beam.  This  means 
that  the  increase  of  the  current  is  the  necessary  condition 
for  the  instability  of  the  bunched  beams  but  not  the  suffi¬ 
cient  condition. 

6  COHERENCY  OF  TRANSVERSE 
OSCILLATION 

In  the  case  of  a  coasting  beam,  even  if  the  beam  has  co¬ 
herent  transverse  oscillation  on  some  account,  when  the 
electromagnetic  interaction  between  the  beam  and  the  vac¬ 
uum  chamber  surroundings  are  negligibly  small,  the  coher¬ 
ent  oscillation  is  diluted  to  disappear  for  the  following  rea¬ 
son.  Localized  ions  spread  around  the  ring  and  spread  az- 
imuthally  2ir  on  the  transverse  phase  planes  in  time  owing 
to  the  momentum  difference. 


7  CONCLUSIONS 

A  beam-tracking  simulation  of  the  electron-cooling  bunch¬ 
ing  of  ion  beams  showed  the  following  results.  The  space- 
charge  dominated  beams  meet  a  transverse  instability  when 
they  are  bunched  by  using  an  RF  system  and  an  electron 
cooler.  The  instability  is  due  to  the  transverse  field  induced 
through  the  vacuum  chamber  by  the  space  charge  of  the 
beam,  or  through  the  transverse  space-charge  impedance. 
The  instability  has  the  dipole  mode  as  the  transverse  mode 
and  the  rigid-bunch  mode  as  the  head-tail  mode.  The 
bunched  beams  meet  the  instability  more  easily  than  coast¬ 
ing  beams  at  least  by  7  times  in  the  regard  of  the  instanta¬ 
neous  beam  current. 

Coherency  of  the  transverse  oscillation  is  higher  for 
the  bunched  beams  than  for  coasting  beams.  Such  high 
coherency  is  considered  to  be  one  of  causes  that  make 
bunched  beams  meet  the  instability  more  easily  than  coast¬ 
ing  beams. 
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Abstract 


An  electron  cooler  (EC)  device  for  the  Accumulator 
Cooler  Ring  (ACR)  in  the  MUSES  project  [1]  is  currently 
under  development.  The  electron  beam  energy  is  varied 
from  30  keV  to  250  keV  with  a  maximum  current  of  4. 1 
A.  An  axial  magnetic  field  of  0.2  T  in  a  3.6  m  solenoid  is 
chosen  to  satisfy  the  magnetization  condition  for  the 
lightest  ions  and  the  expansion  factor  of  20  corresponds 
to  the  field  of  4  T  in  the  gun  section.  The  details  of  the 
design  and  technological  issues  are  discussed. 

1  INTRODUCTION 

The  design  of  the  ACR-EC  has  been  modified  since  it  was 
first  reported  at  EPAC98  [2]  due  to  various  reasons.  One 
of  the  main  concerns  is  the  vacuum  level  near  the  gun 
cathode  which  is  to  be  operated  under  severe  conditions. 
The  maximum  acceleration  voltage  has  been  reduced 
from  300  to  250kV,  and  the  maximum  magnetic  field  at 
the  gun  section  has  been  decreased  from  5  to  4T.  The 
collector  is  partitially  based  upon  TARN-II  collector  [3] 
with  a  number  of  modifications.  The  design  of  the  gun 
section  is  described  in  Sec.  2  and  that  of  the  collector  is 
given  in  Sec.  3.  Effects  of  the  troidal  section  on  the 
electron  beam  are  examined  in  the  following  section 
before  discussion. 

2  GUN  SECTION 

2.1  Cathode/Anode  and  Acceleration  Tube 

The  initial  design  of  the  gun  had  a  magnetic  field  of  5T 
and  acceleration  voltage  of  300kV.  After  careful 
examination  of  the  design,  we  have  concluded  that  the 
reduction  of  expansion  factor  from  25  to  20  gives  only 
small  degradation  of  the  performance  in  terms  of  lowest 
achievable  electron  transverse  energy  [4],  The  maximum 
nominal  energy  of  the  injected  ion  beam  from  the  SRC 
ring  is  400MeV/u  which  corresponds  to  the  electron 
kinetic  energy  of  219.4  keV.  Therefore,  250  kV  is 
deemed  to  be  sufficient. 

The  cathode  diameter  is  increased  from  10  to  12.7  mm  in 
order  to  reduce  the  maximum  voltage  gradient  in  the 
vicinity  of  the  cathode/anode  from  50  to  36  kV/cm, 
while  maintaining  the  same  anode/cathode  voltage  (30kV) 
as  before. 


*  Email:  ttanabe@postman.riken.go.jp 

'On  leave  from  Toshiba  corporation.  *On  leave  from  Sumitomo  Heavy 
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The  maximum  emision  current  density  is  also  reduced 
from  5.1  to  3.15  A/cm2.  We  plan  to  use  an  Ir-coated 
dispenser  cathode  produced  by  Toshiba  Co.  At  one  point, 
a  fair  amount  of  effort  was  made  to  reduce  the  diameter  of 
the  accelerator  tube  to  make  the  bore  size  of  a 
superconducting  solenoid  smaller.  However,  it  turns  out 
that  the  vacuum  level  near  the  cathode  could  never  be 
satisfactory  due  to  poor  vacuum  conductance  of  the  small 
apertures  of  diaphrams  in  the  original  design  (26  mm). 
This  estimate  assumes  the  outgassing  rate  from  cold 
surfaces,  so  it  would  be  worse  under  more  realistic 
circumstances.  Hence,  the  idea  of  small  tube  was 
abondoned  for  larger  vacuum  conductance.  Figure  1 
shows  a  result  of  EGUN  simulation  with  the  current 
design. 


EON:  3.035  CYCLE*  7 


0  £0  100  150  200  250  300  350 

P.I  EC  99/02  "27  sectionl 


Fig.  1 :  EGUN  simulation  of  the  electron  gun  section 
2.2  Magnetic  Shielding 

The  design  of  the  magnetic  shielding  at  the  gun  section 
was  optimized  by  SAM  [5],  A  schematic  picture  of  the 
configuration  of  a  superconducting  solenoid,  a  warm 
solenoid  and  a  correction  coil  and  a  magnetic  shielding  is 
delineated  in  Fig2.  The  magnetic  field  distribution  and 
the  adiabatic  parameter  is  shown  in  Fig.  3. 


(3) 


Fig.  2:  Layout  of  (1)  a  superconducting  solenoid,  (2)  a 
warm  solenoid  and  (3)  a  magnetic  shielding. 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


1722 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Fig.  3:  The  longitudinal  magnetic  distribution  and  the 
adiabatic  parameter. 

3  COLLECTOR  SECTION 

The  initial  design  of  the  ACR  collector  was  based  upon 
the  TARN  II  collector.  Various  improvement  has  been 
incorporated  during  the  past  year.  The  geometry  of  the 
new  collector  section  is  given  in  the  Fig.  4.  The  collector 
consists  of  a  deceleration  tube,  a  repeller  electrode,  a 
collector  electrode  and  two  permanent  magnetic  coils. 
The  collector  electrode  is  a  Faraday  cap. 


Fig.  4:  The  design  of  the  collector.  1  is  the  drift  chamber, 
2  deceleration  tube,  3  repeller,  4  collector  electrode,  5 
the  solenoid  of  electron  cooling,  6  magnetic  shielding,  7  a 
permanent  magnet  coil  placed  on  the  collector  entrance, 
and  8  is  a  permanent  magnet  coil  placed  on  the  collector 
surface. 

The  ratio  of  the  current  density  of  the  reflected 
secondary  electrons  that  escape  a  collector  to  that  of  the 
incoming  beam  is  proportional  to  [6]; 


jref  _  <Je  ^min  Bcol 

•  ~  tt  r>  ’  I” 

J  K  yU coj  ^ 

where  j  is  the  incoming  beam  current,  Ge~  1  is  the 
secondary  emission  coefficient,  is  the  magnetic  field 
on  the  collector  surface,  and  is  the  magnetic  field  in 
the  region  of  minimum  potential  value. 

Types  of  modifications  applied  are  as  follows: 

•  The  collector  diameter  is  increased  to  reduce  the 
magnetic  field  on  the  collector  surface,  B^,. 

•  To  increase  B^,  the  permanent  magnet  coil  is 
placed  inside  the  repeller  electrode  with  the 
magnetic  field  of  2  kG. 

•  A  permanent  magnet  coil  is  placed  on  the  collector 
surface  to  reduce  B^,,. 

•  The  collector  radius  is  reduced  at  the  entrance  to 
shift  the  position  of  the  virtual  cathode  to  the  region 
in  higher  magnetic  field. 

The  collector  perveance  is  estimated  as  Pml  -I  I U^, m  ~ 
25  ~  30  (iA  /  V  3/\  As  a  result,  the  current  loss  was 
reduced  by  an  order  of  magnitude  compared  to  the  old 
design. 


4  TORIODAL  SECTION 


The  electrons  obtain  additional  perturbation,  when  they 
pass  through  the  EC  toroidal  section.  This  perturbation  is 
observed  for  electrons  which  are  displaced  from  the 
equilibrium  axial  trajectory.  The  guiding  longitudinal 
magnetic  field  in  toroidal  section  depends  on  the  radial 
co-ordinate  x. 

B  =  B/(l  +  x/R )  (2) 

where  R  is  the  radius  of  the  axial  electron  trajectory  in 
the  toroidal  section.  The  transverse  bending  magnetic 
field  used  for  compensation  of  the  electron  drift  motion 
in  the  toroidal  magnet  is  equal  to 
By  =  p/eR ,  (3) 

where  p  is  the  electron  momentum.  The  drift  motion 
caused  by  the  centrifugal  force  Fs  =  Jfnv2  /(R  +  x)  is 


not  entirely  compensated  by  the  transverse  bending 
magnetic  field  By  for  the  electrons  whose  trajectories  are 
shifted  from  beam  axis  on  the  distance  x.  As  a  result, 
when  the  electrons  pass  through  toroidal  magnet,  the 
additional  drift  velocity  appears; 


jmv2  x  _  p  x 

R 7b~r~v~r~r’ 


(4) 


where  p  =  V  /  COB  is  the  larmor  radius.  The  transverse 


temperature  corresponding  to  this  drift  velocity  is  equal 
to 


2  2  /  \2 

_  mvjj.  _  mv  p  x 

2 


1723 


(5) 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Discontinuity  of  the  magnetic  field  at  the  entrance/exit  of 
toroidal  magnets  significantly  increase  the  transverse 
temperature.  This  increase  strongly  depends  on  the 
radius  of  curvature,  R  as  is  shown  in  Eq.  (5).  It  has  been 
increased  from  1.2  to  1.5  m  to  make  this  contribution 
comparable  to  the  initial  temperature  even  in  case  of 
abrupt  field  change. 

5  DISCUSSION 

Table  1  shows  the  latest  parameters  of  the  device  and 
cross-sectional  view  of  the  whole  EC  system  is  shown  in 
Fig.  5. 


Table  1 :  Parameters  of  ACR-EC 


Acceleration  Voltage 

30  ~  250  kV 

Magnetic  Field  (gun/cooling) 

4T/0.2T 

Field  Uniformity  (gun/cooling) 

2xl0'3/5xl0's 

Cathode  Diameter 

12.7  mm 

Maximum  E-Beam  Current 

4  A 

Gun  Perveance 

0.79  nP 

Anode-Cathode  Voltage 

30  kV 

Main  Solenoid  length 

3.6  m 

Toroidal  Angle  /  Radius 

90V  1.5  m 

Collector  Efficiency 

>  99.98  % 

In  the  initial  plan,  the  EC  is  supposed  be  installed  in  one 
of  the  short  straight  sections  in  the  ACR.  However, 
insertion  of  correction  solenoids  in  the  adjecent  cells  lead 
to  unnecessary  complexion  in  terms  of  beam  dynamics 
[7].  Therefore,  the  device  is  likely  to  be  installed  in  one 
of  long  straight  section  in  a  modified  lattice  of  ACR.  The 
modification  is  currently  underway. 
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OF  A  PERIODIC  ACCELERATING  STRUCTURE* 
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Abstract 


In  many  future  collider  and  FEL  designs  intense,  short 
bunches  are  accelerated  in  a  linear  accelerator.  For  exam¬ 
ple,  in  parts  of  the  Linac  Coherent  Light  Source  (LCLS) 
a  bunch  with  a  peak  current  of  3.4  kA  and  an  rms  length 
of  30  microns  will  be  accelerated  in  the  SLAC  linac.  In 
such  machines,  in  order  to  predict  the  beam  quality  at  the 
end  of  acceleration  it  is  essential  to  know  the  short  range 
wakefields  or,  equivalently,  the  high  frequency  impedance 
of  the  accelerating  structure.  R.  Gluckstern[l]  has  derived 
the  longitudinal,  high-frequency  impedance  of  a  periodic 
structure,  a  solution  which  is  valid  for  a  structure  with  a 
small  gap-to-period  ratio.  We  use  his  approach  to  derive  a 
more  general  result,  one  that  is  not  limited  to  small  gaps. 
In  addition,  we  compare  our  results  with  numerical  results 
obtained  using  a  field  matching  computer  program. 


1  INTRODUCTION 

Let  us  consider  the  infinitely  periodic,  cylindrically  sym¬ 
metric  structure  depicted  in  Fig.  1.  R.  Gluckstem  has  de¬ 
rived  the  high  frequency  behavior  of  the  impedance  of  such 
a  structure,  to  order  ( kg)~* /2  relative  to  the  leading  term, 
with  k  the  wave  number  and  g  the  gap,  as[  1  ] 


ZL(k) 


„  ,,aL  nr 

i  +  (i  +  *  —  J— 
a  y  kg 


a  g  ° 

with  a  =  1.  Note  that  is  the  average  impedance  per  unit 
length  (averaged  locally  over  frequency  to  give  a  smooth 
function,  and  averaged  over  a  distance  in  the  structure  large 
compared  to  the  period  L),  Zq  =  1207rfi,  and  a  is  the 
iris  radius.  Gluckstem’s  result  was  meant  to  be  valid  for 
g/L  <C  1.  In  this  report,  following  Gluckstem’s  method, 
we  will  show  that  Eq.  1  is  still  valid  in  the  general  case  g/L 
not  small,  but  with  a  a  function  of  g/L. 

Other  authors  have  investigated  the  high  frequency  be¬ 
havior  of  the  same  structure.  Their  results  agree  in  the 
leading  order  term  (iZo/irka2),  but  not  in  the  constant 
a  in  the  higher  order  term.  E.  Keil,  describing  the  so- 
called  Sessler-Vaynstein  optical  resonator  model  of  high 
frequency  impedance,  obtains  a  constant  a  =  0.67[2]  and 
S.  Heifets  and  S.  Kheifets  give  a  =  8/tt  «  2.55[3],  G.  Stu- 
pakov,  considering  the  limiting  case  of  a  structure  with  in¬ 
finitesimally  thin  irises  (i.e.  g/L  =  1),  finds  that,  in  this 
case,  a  «  0.46[4], 


Figure  1 :  Two  cells  of  the  geometry  under  consideration. 


2  ANALYTICAL  STUDY 

Let  us  begin  by  briefly  summarizing  Gluckstern’s  method: 
He  divides  the  geometry  of  Fig.  1  into  two  regions,  the  pipe 
region  (r  <  a)  and  the  cavity  region  r  >  a.  The  fields 
are  expanded  in  terms  of  Bessel  functions  in  the  pipe  re¬ 
gion  and  in  term  of  the  cavity  eigenfunctions  in  the  cavity 
region  with  the  (perfectly  conducting)  metallic  boundary 
condition  on  the  iris  surface  r  =  a.  He  obtains  a  relation 
(Eq.  2.14  in  the  first  of  Ref.  [1])  between  the  azimuthal 
magnetic  field  and  the  axial  electric  field  along  r  —  a. 
Then,  by  matching  the  fields  in  the  pipe  and  cavity  regions 
along  r  —  a,  he  obtains  an  integral  equation  for  the  axial 
electric  field  along  r  =  a  (normalized  by  ZoIo/ka2e~rkz , 
with  7o  the  arbitrary  driving  current),  F(z)  (we  follow  his 
notation): 

rs  ^  “L  ^ 

/  dz'  Kc(z,z')  +  ^2  Kp(mL+z'-z)  F(z')  —  -i. 

.  m=  —  oo  .  (2) 

The  kernels  in  this  equation jire  those  of  the  cavity  region 
Kc  and  of  the  pipe  region  Kp,  with  the  Kc  term  and  the 
m  =  0  term  involving  Kv  giving  the  contribution  to  the 
impedance  of  the  cell  that  includes  the  point  z,  and  the  m  ^ 
0  terms  giving  the  contribution  of  the  other  cells.  Once  we 
know  F{z)  the  impedance  is  simply  given  by 


For  our  purposes  we  do  not  need  to  know  the  details  of 
the  kernels  Kc  and  Kp,  but  only  their  high  frequency  be¬ 
havior.  Gluckstern  found  that  the  high  frequency  behavior 
of  the  cavity  kernel  Kc  is  independent  of  the  details  of  the 
cavity  shape,  and  is  given  by 

Kc(z,z')  =  -  (1  +  t)V^-e(z-z/)  ,  (4) 

a,y/k{z  -  z'j 


*  Work  supported  by  Department  of  Energy  contract  DE-AC03-  where  0(z)  is  the  steP  function  <°  forz<°  and  1  for 
76SF00515.  z  >  0).  The  kernel  in  the  pipe  region  Kp  is  given  by 
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Kp(z)  =  ~—eikz  Viei6‘W/°  , 

a  7^i  b°  (5) 

bs  =  ( k2a2-j2)1/ 2  ,  [9m(6s)  >  0]  , 

with  js  the  s-th  zero  of  the  Bessel  function  Jo.  Gluck- 
stern  shows  that,  at  high  frequencies,  the  m  =  Ojpipe  ker¬ 
nel,  Kp(z'  -  z),  is  equal  to  the  cavity  kernel  Kc(z,z'), 
as  given  in  Eq.  4.  As  for  the  m  /  0  terms  in  Kp, 
Gluckstem  points  out,  that  those  with  m  >  0  oscil¬ 
late  rapidly  at  high  k,  and  therefore  do  not  contribute  to 
the  average  impedance.  The  sum  over  negative  m  gives 

-l 

Ks(v)  =  ^  Kp(mK  +  z'  -  z) 

771=— OO 

2tt i  1  ei(e-4’>  (6) 

a  2-/  b3l  -  ’ 

with  v  —  (zr  -  z)/L,  0  =  kL,  cf>s  =  bsL/a.  Noting  that 
up  to  order  fc-1^2,  (9  -  4>s)  can  be  replaced  by  j2L/2ka2, 
this  becomes 


Ks(v)  = 


°°  r  i 

E  i- 

5=1  L Js 


iL  (  eifsVL/2ka2  2  ka2 

2ka 2  l  1  —  ei^L/2ka2  ij2L 


The  first  term  in  square  brackets  can  be  summed: 
Y  l/jg  =  1/4;  the  second  term  can  be  approximated  by 
an  integral:  Y%i  / (js)  «  (1/tt)  /0°°  f{x)dx ,  for  k  ->•  oo. 
Thus,  we  obtain 

= -z  [‘ + vSe',/4G"(,,)]  ■  <8) 


G0(v)  = 


r.  f  ex*v  1 

Jo  e*2  ~  1 


=  E 


_i _ i_i  i 

In  — v  y/n_  2 


V7T kL 


-  SjfWa.a. 


G(u)  =  +  G0(u) 


This  equation  can  be  rewritten  in  the  form 


rg/L 

/  cfr/G(t/  -  v)Fo(u')  =  1  , 

Jo 


F0(v)  =  F(v)/A  , 


\/nkL  a 


ia  f9/L 

+  -/  dvF(v)  .  (14) 

•L  Jo 


(1  -  i)  ttL 


Note  that  Eq.  12,  with  Fo(v)  the  unknown,  contains  only 
one  parameter  7  =  g/L.  The  equation  for  the  impedance, 
Eq.  3,  becomes 


ZL{k)  =  Jo  dV  F°(V)  • 


Finally,  the  solution  to  this  equation  is  an  impedance  of  the 
form  Eq.  1 ,  with 


*<i)  .mr 

^  LJo 


dvF0(v) 


a  result  that  can  be  verified  by  substitution. 

We  find  that  for  small  7,  a  =  l+G0(0)/7rv/7+O(73/2), 
and  for  7  =  1,  a  =  a\  —  -G0( 0)/7t  «  0.4648.  The 
numerical  solution  of  Eq.  12  gives  a  in  general  (see  Fig.  2). 
A  polynomial  fit  in  ,/y 

a(7)  =  1 -ai^y- (1 -2ai)7  ,  (17) 

given  by  the  dashes  in  Fig.  2,  agrees  to  within  1.5%  with 
the  numerical  result.  Note  that  a(0)  is  in  agreement  with 
the  result  of  Gluckstern,  and  a(l)  with  that  of  Stupakov. 


where  C  is  the  Riemann  zeta  function  (C(l/2)  =  Go(0)  = 
-1.460).  Note  that  it  is  the  second  term  in  the  brackets  of 
Eq.  7  that  Gluckstem  has  let  go  to  zero,  which  will  account 
for  the  difference  in  his  final  result  and  ours. 

The  original  integral  equation,  Eq.  2,  thus  becomes 

f9/L  dv'G{v'  -  v)F(v') 

^kL  Jo 


0.0  0.2  0.4  0.6  0.8  1.0 

7=  g/L 

Figure  2:  The  coefficient  0(7).  The  dashed  curve  gives  the 
analytical  fit,  Eq.  17.  The  plotting  symbols  are  numerical 
results  discussed  in  the  next  section. 
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3  NUMERICAL  COMPARISON 

To  confirm  these  results  numerically  we  have  used  a  field 
matching  computer  program  working  in  the  frequency 
domain[5]  (see  also  Ref.  [6]).  For  the  geometry  of  Fig.  1 
and  for  a  given  k,  this  program  matches  the  tangential 
fields  at  r  =  a,  and  then  performs  normalizing  integrals. 
The  result  is  an  infinite  dimensional  matrix  equation  that 
is  truncated  and  inverted  to  obtain  Z^k).  In  order  to  bet¬ 
ter  study  the  asymptotic  behavior,  the  program  calculates 
the  impedance  along  a  path  slightly  shifted  off  the  real  k 
axis,  which  has  the  effect  of  averaging  and  smoothing  out 
the  many  narrow  impedance  spikes  otherwise  found  at  high 
frequencies.  (Note  that  to  obtain  the  short-range  wakefielo 
from  this  impedance,  after  performing  the  inverse  Fourier 
transform,  the  result  must  also  be  multiplied  by  the  fac¬ 
tor  exp[Im(k)s],  with  s  the  distance  between  driving  and 
test  particles.)  As  example  geometry  we  consider  that  of 
a  typical  cell  of  the  NLC  accelerating  structure  known  as 
the  damped,  detuned  structure  (DDS)[7].  One  simplifi¬ 
cation  in  our  model,  however,  is  that  the  irises  are  not 
rounded,  unlike  those  in  the  real  structure.  The  dimensions 
are  a  =  4.924  mm,  g  =  6.89  mm,  and  L  =  8.75  mm 
(note  that  for  the  average,  high-frequency  impedance  nei¬ 
ther  the  cavity  radius  b,  nor  the  coupling  manifolds  that 
couple  through  slots  at  r  =  b  in  the  DDS,  play  a  role). 

The  numerical  results,  giving  the  real  ( Rl )  and  imag¬ 
inary  ( Xl )  parts  of  the  impedance  Zl,  when  Im(k)  = 
0.5  mm-1,  are  given  in  Fig.  1  (the  solid  curves).  We  note 
that  this  impedance  is  indeed  a  relatively  smooth  function 
of  R e(k)  (on  the  real  axis,  Rl  would  be  a  collection  of 
many  infinitesimally-narrow  spikes).  We  should  point  out, 
however,  that  with  this  method,  to  get  good  convergence  in 
the  solution  at  high  frequencies,  the  size  of  the  matrix  that 
needs  to  be  solved  becomes  very  large:  at  kR  =  200  mm-1 
its  size  is  ~  600  x  600.  In  Fig.  3  the  dashed  curves  give 
the  analytical  result,  Eq.  1  with  a  =  0.52.  We  see  that 
agreement  is  good  for  frequencies  ka  >  1.5. 

The  impedance  was  calculated  for  several  values  of  g/L 
with  the  field  matching  program,  keeping  the  other  dimen¬ 
sions  fixed.  The  results,  for  fixed  Im(fc),  become  bumpier 
as  g/L  decreases,  due  to  the  shorter  reflection  time  2 g/c 
of  a  wave  between  irises;  and  for  the  calculations  we  let 
Im(fc)  ~  2/g.  Then  to  obtain  a,  the  numerically  obtained 
Re(l /Zl)  was  fit  to  the  form  f(k)  +  ag{k)  (with  /  and  g 
known  functions  taken  from  Eq.  1).  The  results  of  the  fit 
are  given  in  Fig.  2  (the  plotting  symbols).  The  agreement 
is  relatively  good,  though,  due  to  residual  bumpiness  in  the 
impedance  curve,  the  accuracy  of  the  fit  to  the  numerical 
result  is  limited  to  ~  10%. 


Re(k)  (1/mm) 

Figure  3:  The  real  ( Rl )  and  imaginary  (Xl)  parts  of  the 
impedance  for  the  dimensions  of  the  average  NLC  cell,  as 
obtained  by  field  matching  (solid  lines).  The  dashes  repre¬ 
sent  Eq.  1  with  a  =  0.52. 


4  CONCLUSIONS 

We  have  extended  R.  Gluckstem’s  analytical  result  for  the 
high-frequency,  longitudinal  impedance  of  a  periodic  ac¬ 
celerating  structure,  a  result  valid  for  small  gaps,  to  one 
valid  for  all  gap  to  period  ratios.  We  have,  in  addition, 
performed  numerical  calculations  and  obtained  results  that 
confirm  the  analytical  result  to  an  accuracy  of  ~  10%. 
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OBTAINING  THE  BUNCH  SHAPE  IN  A  LINAC 
FROM  BEAM  SPECTRUM  MEASUREMENTS 

K.L.F.  Bane,  F.-J.  Decker,  F.  Zimmermann,  SLAC,  Stanford,  USA* 


1  INTRODUCTION 

In  linacs  with  high  single-bunch  charge,  and  tight  toler¬ 
ances  for  energy  spread  and  emittance  growth,  controlling 
the  short-range  wakefield  effects  becomes  extremely  im¬ 
portant.  The  effects  of  the  wakefields,  in  turn,  depend  on 
the  bunch  length  and  also  on  the  bunch  shape.  It  was  shown 
in  the  linac  of  the  Stanford  Linear  Collider  (SLC),  for  ex¬ 
ample,  that  by  shaping  the  bunch,  the  final  rms  emergy 
spread  could  be  greatly  reduced,  compared  to  for  the  stan¬ 
dard  Gaussian  bunch  shape[l].  Therefore,  in  machines 
with  high  single-bunch  charge,  a  method  of  measuring 
bunch  shape  can  be  an  important  beam  diagnostic. 

In  a  linac  with  low  single-bunch  charge,  the  longitudi¬ 
nal  bunch  shape  can  be  obtained  relatively  easily  from  a 
single  measurement  of  the  beam's  final  energy  spectrum, 
provided  that  the  final  to  initial  energy  ratio  is  large.  One 
merely  shifts  the  average  phase  of  the  beam,  so  that  it  rides 
off-crest  sufficiently  to  induce  an  energy  variation  that  is 
monotonic  with  longitudinal  position.  Then,  by  knowing 
the  initial  and  final  energies,  the  rf  wave  number,  and  the 
average  beam  phase,  one  can  directly  map  the  spectrum 
into  the  bunch  shape.  In  a  linac  with  high  single-bunch 
charge,  however,  due  to  the  effect  of  the  longitudinal  wake- 
field,  this  method  either  does  not  work  at  all,  or  it  requires 
such  a  large  shift  in  beam  phase  as  to  become  impractical. 

In  earlier  work[2],[3]  it  was  shown  that,  even  when 
wakefields  are  important,  if  one  measures  the  final  beam 
spectrum  for  two  different  (properly  chosen)  values  of 
beam  phase,  then  one  can  again  obtain  the  bunch  shape, 
and — as  a  by-product — also  the  form  of  the  wakefield  in¬ 
duced  voltage;  this  method  was  then  illustrated  using  data 
from  the  linac  of  the  SLC.  These  SLC  measurements,  how¬ 
ever,  had  been  performed  with  the  machine  in  a  special  con¬ 
figuration,  where  the  current  was  low;  in  addition,  the  noise 
in  the  data  was  low  and  the  measured  spectra  were  smooth 
distributions.  Under  normal  SLC  conditions,  however,  the 
currents  were  higher,  and  it  was  difficult  to  get  the  required 
separation  in  phase  for  the  two  measurements  (the  required 
separation  increases  with  current);  and  the  measured  spec¬ 
tra  were  not  smooth  functions.  Under  such  conditions,  the 
above  method  works  poorly  or  fails. 

If  we  know  the  Green  function  wake  of  the  linac,  how¬ 
ever,  we  can  still  obtain  the  bunch  shape  from  beam  spec¬ 
trum  measurements.  In  this  report,  we  present  two  such 
methods.  One  requires  one  spectrum  measurement  and  in¬ 
volves  the  solution  of  a  Volterra  integral  equation.  The 
other  requires  a  knowledge  of  upstream  beam  and  trans¬ 
port  properties  and  involves  a  least  squares  minimization 

•Work  supported  by  Department  of  Energy  contract  DE-AC03- 
76SF00515. 


to  simulated  spectra.  We  then  apply  these  methods  to  data 
from  the  SLC. 

2  THEORY 

Consider  a  bunch  of  charged  particles  that  are  accelerated 
in  a  linac  from  initial  energy  Eo  to  final  energy  Ej.  Let  us 
assume  that  Ej/Eo  »  1,  so  that  we  can  ignore  the  com¬ 
ponent  of  energy  variation  that  is  uncorrelated  with  longi¬ 
tudinal  position.  Then  the  relative  energy  of  a  particle  at 
position  2  within  the  bunch  (we  take  the  convention  that  a 
more  negative  value  of  2  is  more  to  the  front)  at  the  end  of 
the  linac  becomes 

8{z)  =  [E0  +  Ea  cos (kz  +  $)  +  eVind[z)\/Ef  -  1  ,  (1) 

with  Ea  the  total  peak  energy  gain,  k  the  rf  wave  number, 
and  <j>  the  average  beam  phase;  with  the  induced 

voltage,  given  by 

00 

Vind(z)  =  -eNL  J  Wz  (z')\z  (z  -  z')  dz'  ,  (2) 

0 

where  N  is  the  bunch  population,  L  the  total  length  of 
accelerating  structure  in  the  linac,  W2  the  Green  function 
wakefield,  and  A*  the  bunch  shape.  If  the  final  energy  Ej 
is  fixed,  as  in  the  SLC  with  energy  feedback  on,  Ea  is  also 
an  unknown  given  by 

Ea  =  [Ej  -  E0  +  eNLktot ]/ (cos(Ar2  +  <j> ))  ,  (3) 

with  ktot  =  ~(Vind)/{NL)  the  loss  factorL 

By  knowing  both  A Z{z)  and  8(z)  over  the  bunch  length 
we  can  compute  the  energy  distribution  \s(S).  Conversely, 
if  we  know  A<s (c5)  and  <5(2),  we  can  calculate  A2 (2),  pro¬ 
vided  5(2)  is  monotonic  over  the  bunch.  Let  us  assume 
that  this  is  the  case.  Then 

Az(z)  =  A*(<f(2))|*/(2)|  (4) 

Suppose  now  that  we  know  E0,  Ej,  k,  and  <j>.  Without 
knowing  the  induced  voltage  we  cannot,  in  general,  obtain 
\z  from  A<5 ,  since  <5  depends  also  on  Vt„d-  Only  if  eV-nd 
is  small  compared  to  8'Ej  over  the  bunch  does  a  single 
measurement  of  A <5  suffice  to  give  A2 . 

We  now  describe  three  possible  solution  strategies  for 
the  case  when  the  wakefields  cannot  be  neglected.  The 
most  suitable  one  in  a  given  situation  depends  upon  what  is 
known  and  on  properties  of  the  data. 

tin  Ref.  [3],  the  term  (cos (kz  +  <f> ))  in  Eq.  3  was  replaced  by  cos(4>), 
an  approximation  that  did  not  affect  the  result  greatly,  except  that  the  area 
under  \z  in  the  solution  was  found  not  to  equal  1 . 
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2.1  Both  Wz  and  \z  are  Unknown 

Suppose  we  measure  the  bunch  spectrum  twice:  with  the 
beam  at  phase  6a  we  obtain  A|,  and  then  with  the  beam 
at  <j>b  we  obtain  A*.  We  assume  the  phases  are  chosen  so 
that  S(z)  is  monotonic  for  both  measurements.  For  the  first 
measurement  Eq.  4  becomes 

A ,(z)  =  A?  \Eaaksin(kz  +  <t>a)  ~  eV?n4(z)\/E,  ,  (5) 

and  a  similar  equation,  with  superscript  6  replacing  super¬ 
script  a,  holds  for  the  second  measurement.  Combining 
these  two  equations  we  obtain 

T7,  ,  ,  _  ,  [EaK  sMkz  +  <f>a)  ±  Eax6  sin(kz  +  <t>b )] 
eYind[z )  ~k  xas±xbs 

(6) 

In  Eq.  6  (and  below)  the  upper  symbol  of  ±  applies  if  the 
sign  of  S'(z)  is  different  for  the  two  measurements,  oth¬ 
erwise  the  lower  symbol  applies.  The  right  hand  side  of 
Eq.  6  is  a  function  both  of  z  and — through  the  argument  of 
Aa — of  Vind(z).  Eq.  6  is  therefore  a  first  order  non-linear 
differential  equation  which  we  can  solve  numerically  for 
the  unknown  Vind{z)-  As  initial  condition  we  take  Vind  at 
the  front  of  the  bunch  to  be  zero.  Once  Vind  is  known  we 
obtain  Xz  using 

\  _  ,  ^a^b\E>in(kz  +  <t>a)  ~  Easin(kz  +  <l>b)\ 

^ -  ■ 

(7) 

We  begin  by  setting  =  0,  ktot  —  0,  and  (cos (kz  + 
<j>))  =  cos (<f>).  Then  we  solve,  in  order,  Eqs.  3,  1,6,  and 
7,  and  then  iterate.  We  have  the  correct  answer  when  the 
area  under  Az  is  1.  We  see  from  Eq.  7,  that  for  accuracy  in 
Xz  we  want  two  measurements  from  opposite  sides  of  the 
rf  crest.  One  problem  with  this,  especially  at  higher  cur¬ 
rents,  however,  is  that  for  the  <j>  >  0  measurement  one  may 
need  to  go  way  off-crest  (which  may  not  be  possible)  in  or¬ 
der  that  A <5  at  the  front  of  the  beam — where  the  calculation 
begins — be  monotonic. 

2.2  Wz  is  Known,  \z  is  Unknown 

If  we  assume  that  Wz  (z)  is  known,  and  again  that  the  total 
voltage  is  monotonic,  then  one  measurement  A <5  (<$)  suffices 
for  obtaining  Xz  (z).  Eq.  5  can  be  written  as 

A*,2)  =  Ejr&fm W>  [B"‘sin(t2 + *> 

Z 

+  e2NL  J  W'^z-z^X^dz']  ,(8) 

—  OO 

/ 

where  the  upper(lower)  symbols  represent  the  case  of  <j>  > 
(<)  0.  Eq.  8  is  a  Volterra  integral  equation  of  the  second 
kind,  which  can  be  readily  solved  numerically. 

As  a  measurement,  we  prefer  one  with  <f>  <  0,  where 
the  front  of  the  beam  is  not  near  the  rf  crest.  Our  method 
of  solving  for  Xz  is  as  follows:  Initially  we  let  Vi„d  =  0, 


ktot  —  0,  and  (cos(A:z  +  $))  =  cos ((/>).  We  solve  Eq.  3, 
then  Eq.  1,  then  Eq.  8.  Having  obtained  a  first  estimate  of 
A Z{z),  we  can  then  obtain  a  first  estimate  of  Vind(z)  (using 
Eq.  2),  ktot,  and  (cos (kz  +  <(>)).  The  process  is  then  iterated 
until  the  area  under  Xz  equals  1 . 

2.3  Least  Squares  Fitting  Method 

If  S(z)  is  not  monotonic  the  above  methods  fail.  In  such 
a  case,  however,  we  can  use  a  least  squares  approach.  In 
many  linacs  the  longitudinal  distributions  of  the  beam  at 
some  position  upstream  of  the  linac  are  known,  and  the 
transport  from  this  position  to  the  linac  is  also  well  known. 
In  the  example  of  the  SLC  linac,  the  bunch  shape  and  en¬ 
ergy  distribution  in  the  damping  rings  is  fairly  well  known, 
as  are  properties  of  the  compressor  section  leading  from  the 
ring  to  the  linac.  We  can  simulate  the  development  of  lon¬ 
gitudinal  phase  space  from  the  known  position  to  the  end 
of  the  linac.  Note  that  to  do  this  we  need  to  know  Wz  in 
the  linac.  We  can  define  an  objective  function: 

9  =  /  P.)  meets  (Xs)calcf  dS  ,  (9) 

with  (A<s)meaj  and  (A<s)ca;c,  respectively,  the  measured  and 
calculated  energy  distributions.  We  minimize  the  objective 
function  by  varying  parameters  in  the  system  that  we  know 
imperfectly.  If  the  fit  is  good,  we  can  believe  the  calculated 
bunch  shape.  This  method  can  work  well  if  there  are  few 
unknowns,  and  if  these  unknowns  have  orthogonal  effects 
(a  subject  which  we  have  not  systematically  studied).  Note 
that  even  though  the  least  squares  method  does  not  require 
a  monotonic  S(z),  to  obtain  accurate  results  we  still  need  a 
widened  spectrum  measurement. 

3  APPLICATION 

The  measurements  that  we  analyze  come  from  the  SLC 
linac.  They  were  performed  on  July  7,  1997  with  a  wire 
monitor  (with  a  dispersion  of  70  mm)  in  the  BSY  region 
on  the  north  side  (the  electron  side).  The  parameters  were 
N  =  1.9  x  1010,  E0  =  1.19  GeV,  E}  =  46  GeV, 
krj  =  60  m_1,  and  L  =  2733  m;  the  peak  rf  voltage  of 
the  damping  ring  was  800  kV;  the  bunch  compressor  volt¬ 
age  was  set  to  14  =  41.8  MV*.  The  linac  phase  knob  was 
first  calibrated.  Then  for  several  phase  settings  the  beam 
spectrum  was  measured,  all  the  while  keeping  the  feed¬ 
back  in  final  energy  on.  The  measured  rms  energy  spread, 
as,  and  the  full-width-at-.2-max/3.59,  as,  are  shown  in 
Fig.  1,  and  six  representative  spectra  are  shown  in  Fig.  2 
(the  plotting  symbols). 

First  we  apply  the  least  squares  method.  In  the  SLC  the 
beam  leaves  a  damping  ring,  goes  into  a  bunch  compressor, 
and  then  enters  the  linac.  In  the  damping  ring  the  bunch 
shape  can  be  described  as  a  tilted  Gaussian  in  z,  given  by 

•  (10> 

*The  reading  was  actually  5%  higher,  but  historically  this  compressor 
has  been  known  to  read  low  by  this  amount. 
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Figure  1:  The  rms  energy  spread  (left)  and  full  width  at 
0.2max/3.59  (right)  of  the  measured  spectra  (the  plotting 
symbols).  Simulation  results  for  <f>c  —  90°  (dashes)  and 
<j>c  =  102°  (solid  curves)  are  also  given. 
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Figure  2:  Six  representative  measured  spectra  (symbols); 
and  simulation  results  for  <j)c  =  102°  (histograms). 

with  parameters  rms  length  <rz  and  asymmetry  factor  e;  and 
a  Gaussian  in  S,  with  rms  <rg.  In  this  case  we  take  az  = 
5.75  mm,  c  =  .27,  and  as  =  ,085%[4],  The  wakefield 
for  the  SLAC  linac  is  found  in  Ref.  [5].  In  the  transport 
to  the  end  of  the  linac,  we  know  Eq  and  Ej  well,  which 
leaves  us  with  three  parameters:  the  compressor  voltage 
Vc,  the  compressor  phase  <pc,  and  the  linac  phase  4>.  In  our 
analysis  we  let  these  three  parameters  vary  to  minimize  the 
objective  function,  Eq.  9.  We  obtained  the  expected  result 
for  Vc  and  <f>\  however,  the  optimal  <f>c  was  102°,  not  the 
expected  90°.  Simulation  results  for  <j>c  =  102°  and  90° 
are  given  by  the  curves  in  Fig.  1;  and  for  the  case  <j>c  =• 
102°,  by  the  histograms  in  Fig.  2.  Since  these  fits  are  good, 
we  can  believe  the  calculated  bunch  shape.  The  calculated 
bunch  shape  and  spectrum  for  the  optimum  case  are  given 
in  Fig.  3  (the  solid  curves)  and  compared  with  those  for  the 
case  <{>c  =  90° .  We  see  that  the  latter  case  cannot  possibly 
be  correct  (compare  with  Fig.  2b).  For  the  optimized  case, 
zrms  —  1-2  mm  and  zfwhm  =  2.8  mm. 


Figure  3:  Bunch  shape  and  spectrum  obtained  by  the  least 
squares  method,  with  <f>c  =  102°  (the  solid  curves).  The 
results  with  <j)c  =  90°  are  also  shown  (the  dashes). 

Finally,  we  apply  the  Volterra  integral  equation  method 
to  the  data  of  Fig.  2a  and  2b  (see  Fig.  4).  Note  that  the 
two  results  give  almost  the  same  bunch  shape  and  induced 
voltage,  and  that  the  bunch  shape  agrees  well  with  the  result 
of  the  least  squares  method  (Fig.  3a,  the  solid  curve). 
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Figure  4:  Results  of  the  Volterra  integral  equation  method, 
using  data  of  Fig.  3a  (solid  curves)  and  3b  (dashes). 
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Abstract 

Problems  of  nonlinear  dynamics  of  space-charge  dominat¬ 
ed  electron  beams  in  crossed  ExB-fields  are  discussed.  The 
review  of  the  results  of  computer  simulations  of  an  elec¬ 
tron  clouds  formation  due  to  nonlinear  azimuthal  instabil¬ 
ity  inside  magnetically  isolated  coaxial  diodes  (magnetron 
guns)  under  the  condition  of  strong  nonuniform  secondary 
self-sustaining  emission  and  pure  thermionic  emission  is 
given.  Emphasised  is  the  dominant  influence  of  a  feedback 
on  dynamics  of  electron  beam  modulation  and  on  arising  of 
a  leakage  current  to  an  anode  across  an  external  magnetic 
field.  A  scheme  of  storage  and  capture  of  electron  beams  in 
crossed  ExB-fields  due  to  transient  processes  is  proposed. 

1  INTRODUCTION 

Theoretical  and  experimental  investigations  of  the  dynam¬ 
ics  of  space-charge  dominated  rectilinear  beams  considered 
as  a  new  physics  subject,  are  receiving  more  and  more  at¬ 
tention  in  recent  years.  At  the  same  time,  a  similar  but 
more  complex  subject,  space-charge  dominated  beams  in 
crossed  ExB-fields,  finds  practical  applications  and  has 
been  investigated  over  a  long  period  of  time  but  without 
notable  success  in  theory.  Suffice  it  to  note  that  there  does 
not  yet  exact  a  clear  theoretical  description  evere  of  the 
pre-generation  operation  of  a  classical  (low- voltage)  mag¬ 
netron  or  the  regime  of  magnetic  insulation  disturbance  in 
high-current  coaxial  diodes.  The  physics  of  instruments 
with  crossed  fields  is  complex  due  to  the  strong  nonlinear¬ 
ity  of  the  processes  and  the  necessity  to  take  into  account 
nonstationary  effects. 

2  PHYSICAL  PROCESSES  IN  DEVICES 
WITH  CROSSED  FIELDS 

The  physical  characteristics  of  the  processes  under  consid¬ 
eration  are  partially  presented  in  works  [1-6]. 

Usually,  to  describe  electron  flow  in  so-called  magnetron 
diodes  (MD),  one  uses  stationary  models  of  Brillouin  flow, 
in  which  it  is  not  possible  to  describe  the  escape  of  parti¬ 
cles  from  an  emitting  surface,  or  kinetic  dual- velocity  flow, 
in  which  it  is  possible  [1],  For  system  in  which  extrac¬ 
tion  of  the  electron  beam  in  the  axial  direction  is  absent, 
the  applicability  of  such  analytical  models  is  complicated 
by  the  influence  of  the  pre-hystory  of  flow  formation.  In 
particular,  we  can  immediately  note  that  for  such  systems 
the  increase  of  voltage  on  the  MD  should  lead  to  capture 
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of  some  of  the  emitted  particles  in  acceleration  gap  which 
circulate  around  the  cathode  without  returning  to  it.  Hence, 
the  value  of  the  radial  electric  field  on  the  cathode  surface 
depends  not  only  on  emission  current  but  on  the  magnitude 
of  accumulated  circulating  charge  in  the  acceleration  gap. 

Dividing  the  flow  into  two  components,  namely,  one  cir¬ 
culating  during  many  turns  and  maintaining  information 
on  possible  nonuniformities,  and  the  other  emitting  from 
the  cathode  and  retuning  to  the  cathode  during  a  time  of 
the  order  of  a  period  of  cyclotron  rotation,  leads  to  condi- 
tiones  arising  for  the  development  of  azimuthal  instability 
of  the  flow.  However,  without  the  provision  of  a  number  of 
additional  conditions,  this  instability  causes  only  weak  az¬ 
imuthal  modulation  of  the  flow  and  is  not  accompanied  by 
the  development  of  leakage  current  at  the  anode  across  an 
external  magnetic  field  exceeding  the  threshold  value  for 
magnetic  insulation. 

Strong  azimuthal  modulation  of  flow  accompanied  by 
the  development  of  leakage  current  at  the  anode,  i.e.,  pass¬ 
ing  over  of  azimuthal  instability  to  a  strongly  nonlinear 
regime  in  which  an  exchange  of  energy  and  momentum 
occurs  between  particles  and  the  rotating  self-consistent 
crossed  ExB-field,  can  occur  in  two  cases.  First,  if  emis¬ 
sion  current  is  not  too  large  and  information  about  the  de¬ 
veloping  structural  flow  is  not  carried  to  the  cathode  by 
the  returning  flow  of  electrons.  Second,  if  feedback  ex¬ 
ists  on  the  emitting  surface  of  the  cathode  providing  proper 
phasing  of  emitted  particles  that  increases  the  degree  of  az¬ 
imuthal  variation  of  flow  and,  accordingly,  discards  part  of 
the  emitted  particles  not  in  proper  phase. 

Instability  is  saturated  at  a  level  of  leakage  currents  at  the 
anode  which  can  amount  to  several  percent  of  lex  (Child- 
Langmuir  current).  Then,  electron  flow  constitutes  a  self¬ 
organizing,  regular  (in  the  azimuthal  direction),  rotating 
structure  of  dense  electron  bunches.  Such  a  structure  ro¬ 
tates  with  approximately  the  same  angular  velocity  and  ex¬ 
ists  for  a  long  time.  Dynamic  equilibrium  is  established 
between  the  current  of  emitted  particles  and  return  current 
to  the  cathode  and  current  to  the  anode.  The  special  feature 
of  this  dynamic  equilibrium  is  the  long  presence  of  emit¬ 
ted  particles  in  the  acceleration  gap,  which  considerably 
exceeds  the  period  of  cyclotron  rotation  [1-4]. 

Feedback  on  the  emitting  surface,  promoting  the  devel¬ 
opment  of  strong  azimuthal  instability,  is  particularly  effec¬ 
tive  when  using  a  cathode  with  secondary  emission  of  elec¬ 
trons.  The  sharp  nonuniform  character  of  secondary  emis¬ 
sion,  depending  in  turn  on  flow  structure,  leads  to  the  for¬ 
mation  of  alternating  radial  electric  field  at  a  given  cathode 
azimuth  due  to  rotation  of  the  modulated  flow  as  a  whole. 
The  average  radial  electric  field  at  the  cathode  can  be  close 
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to  zero.  At  the  same  time,  the  emission  of  particles  in  im¬ 
proper  phases  is  simply  suppressed  by  the  negative  value 
of  the  field,  and  the  emission  of  particles  in  proper  phases 
is  sharply  increased  due  to  boundary  effects  [5], 

The  type  of  operation  of  an  MD  with  a  secondary- 
emission  cathode  depends  on  the  maximal  voltage  and  rate 
of  voltage  rise  on  the  gap.  For  low  voltages,  characteristic 
for  classical  magnetrons,  a  regular  azimuthal  structure  of 
flow  arises  on  the  flat  top  of  a  pulse  and  is  maintained  over 
a  long  period  of  time. 

For  higher  voltages  (above  approximately  100  kV),  the 
regular  structure  is  formed  on  the  long  leading  edge  of  the 
voltage,  and  when  passing  over  to  the  flat  top  there  begins  a 
debunching  of  the  original  structure  and  formation  of  a  new 
one,  with  a  different  number  of  azimuthal  variations,  if  the 
voltage  does  not  exceeds  a  certain  maximal  value.  Exceed¬ 
ing  this  maximum  in  the  process  of  rising  voltage  results 
in  disruption  of  the  self-maintainance  regime  of  secondary 
emission.  The  physical  feature  of  such  a  regime  is  that, 
at  high  voltage  and  accumulation  of  a  large  space  charge 
in  dense  bunches,  the  energy  spectrum  of  electrons  return¬ 
ing  to  the  cathode  is  significantly  shifted  in  the  direction 
of  larger  energies  and  exceeds  that  is  optimal  for  maximal 
yield  of  secondary  electrons.  The  sharp  drop  in  secondary 
emission  current  leads  to  elimination  of  the  ’’mismatched” 
part  of  the  electron  flow,  and  the  particles  remaining  in  the 
gap  form,  in  the  main,  captured  circulating  flow.  Such  a 
regime  is  realized  if  primary  current  of  low  intensity  is 
switched  off  after  entering  the  regime  of  self-maintainance 
of  secondary  emission. 

Practically,  such  systems  represent  a  new  class  of  flows 
—  flows  with  a  variable  number  of  particles.  The  growth  of 
azimuthal  instability  in  such  a  system  is  possible  only  un¬ 
der  conditions  when  accumulated  information  in  the  flow  is 
no  carried  to  the  electrodes.  In  particular,  for  uniform  emis¬ 
sion  of  a  primary  beam  with  current  comparable  with  the 
current  of  secondary  emission,  instability  develops  weakly. 

A  demonstrative  example  is  the  development  of  instabil¬ 
ity  in  pure  primary  beam  emitting  uniformly  in  azimuth. 
The  results  of  computer  simulations  show  that  in  a  regime 
of  current  limited  by  space  charge,  azimuthal  instability 
does  not  develop  at  all.  However,  it  does  become  strong 
and  accompanied  by  significant  leakage  current  if  it  turns 
out  that  the  cathode  is  operating  in  a  regime  of  satura¬ 
tion.  Then,  the  normal  component  of  the  electric  field  at 
the  cathode  differs  from  zero  and  the  development  of  weak 
azimuthal  instability  increases  as  in  the  case  of  nonuniform 
secondary  emission  due  to  proper  phasing  of  emitted  parti¬ 
cles.  The  difference  will  respect  to  the  case  of  nonuniform 
secondary  emission  is  only  that  the  radial  electric  field  at ' 
the  cathode  surface  is  not  alternating,  i.e.,  there  is  no  direct 
suppression  of  emission  from  the  cathode.  However,  large 
oscillation  of  field  due  to  azimuthal  bunching  of  beam  pro¬ 
motes  bunching  of  some  of  the  electrons  with  proper  phas¬ 
es  relative  to  the  rotating  ExB-field,  which  are  in  the  gap 
for  a  long  time.  It  also  promotes  the  return  of  electrons  in 
improper  phases  (and,  accordingly,  not  matched  with  the 


field)  back  to  the  cathode  in  significantly  less  time.  In  the 
case  of  uniform  space-charge  limited  emission,  informa¬ 
tion  about  the  development  of  weak  instability  comes  to  the 
cathode  by  returning  particles.  The  density  of  those  close 
to  the  cathode  is  high  and  only  a  small  number  of  them  can 
exist  in  the  flow  for  a  long  time. 

3  CAPTURE  AND  ACCUMULATION  OF 
BEAM  IN  CROSSED  FIELDS 

The  conditions  for  possible  interruption  of  secondary  emis¬ 
sion  current  for  the  aforementioned  reasons  or,  for  exam¬ 
ple,  by  increasing  the  external  voltage,  which  is  accom¬ 
panied  also  by  the  initial  discarding  of  a  part  of  the  flow 
and  its  subsequent  detachment  from  the  cathode,  require 
special  attention.  This  is  because  they  permit  to  realize  a 
process  of  accumulation  and  capture  of  electron  beam  in 
crossed  fields  which  circulates  so  that  electrons  cannot  re¬ 
turn  to  the  cathode  nor  reach  the  anode. 


Figure  1 :  Configurations  of  flow  at  t  =  8  ns  and  t  =  20  ns. 

The  number  of  particles  in  a  captured  circulating  beam 
can  be  sufficiently  large  for  possible  subsequent  accelera¬ 
tion,  including  with  high-frequency  cycles,  for  example,  in 
betatron-type  systems.  Such  systems  can  also  be  used  as 
injectors  for  classic  accelerators. 

Below,  examples  are  given  which  illustrate  the  possibil¬ 
ity  of  accumulating  an  electron  flow  having  a  number  of 
particles  at  the  level  of  1012  per  cantimiter  of  length  axial¬ 
ly  in  a  compact  system  with  crossed  fields.  In  this  case,  the 
lateral  dimensions  are  several  cantimeters,  the  voltage  is  at 
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Figure  2:  Averaged  densities  at  t  =  8  ns  and  t  =  20  ns. 


Figure  3:  Dynamics  of  accumulation  of  secondary  elec¬ 
trons  Nes  and  the  form  of  the  voltage. 


the  level  of  100  -  200  kV  and  the  external  magnetic  field  is 
about  of  3  kGs. 

Computer  simulations  were  performed  using  electro¬ 
magnetic  PIC-code  KARAT  [7]  in  two-dimensional  r  —  6 
geometry.  Examples  of  calculations  demonstrating  physi¬ 
cal  features  of  processes  in  2D  and  3D-geometries  are  pre¬ 
sented  in  an  accompanying  report  [6].  For  subsequent  ac¬ 


celeration  of  captured  flow,  one  can  use  a  betatron  field  and 
cut  electrodes  that  do  not  hinder  the  formation  of  electron 
flow  nor  the  penetration  of  the  external  longitudinal  mag¬ 
netic  field. 

The  main  idea  consists  in  the  following.  After  forma¬ 
tion  in  an  MD  of  electron  flow  with  regular  structure,  total 
charge  in  the  system  still  remains  less  than  the  limiting  val¬ 
ue  and  can  be  increased  by  raising  the  voltage  on  the  MD. 
Growth  of  voltage  leads  to  re-bunching  of  flow  and  change 
of  azimuthal  structure  due  to  feedback  disruption.  During 
this  process,  azimuthal  modulation  of  flow  disappears  and 
the  flow  becomes  close  to  uniform  in  azimuth.  Significant 
momentum  spread  of  particles  has  a  stabilizing  effect  on 
the  existance  of  such  a  flow.  A  further  increase  in  volt¬ 
age  results  in  the  detachment  of  the  flow  from  the  cathode. 
The  return  bombardment  of  the  cathode  ceases,  secondary 
emission  current  disappears,  and  leakage  current  at  the  an¬ 
ode  is  practically  absent,  i.e.,  there  forms  between  the  elec¬ 
trodes  of  the  MD  a  captured  circulating  flow  with  a  large 
number  of  particles. 

Fig.  1  shows  azimuthal  structures  of  flows  at  different 
instants.  The  distribution  of  density  along  the  radius,  aver¬ 
aged  over  the  azimuth,  is  presented  in  Fig.  2  for  these  two 
instants.  The  dynamics  of  accumulation  of  particles  and 
voltage  profile  are  shown  in  Fig.  3. 

4  CONCLUSION 

Problems  of  nonlinear  dynamics  of  space-charge  dominat¬ 
ed  electron  beams  in  crossed  ExB-fields  are  discussed  from 
the  point  of  view  of  the  investigation  of  schemes  of  in¬ 
tense  electron  beam  formation  for  compact  cyclic  accel¬ 
erators  and  for  high-efficiency  relativistic  magnetrons.  The 
review  of  the  results  of  computer  simulations  of  an  electron 
clouds  formation  due  to  nonlinear  azimuthal  instability  in¬ 
side  magnetron  is  given.  A  scheme  of  electron  storage  and 
capture  of  electron  beams  in  crossed  fields  is  proposed. 
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Abstract 

Problems  of  magnetic  insulation  violation  inside  a  vac¬ 
uum  coaxial  diode  with  dense  electron  flow  are  consid¬ 
ered.  The  numerical  model  of  nonstationary  nonuniform 
secondary  electron  emission  provoked  by  primary  low- 
intensity  beam  from  a  cathode  was  developed.  The  results 
of  computer  simulations  of  electron  cloud  formation  due 
to  nonlinear  azimuthal  instability  under  the  condition  of 
strong  nonuniform  secondary  self-sustaining  emission  are 
described.  The  existence  of  an  instability  with  transverse 
quasistationary  leakage  current  of  a  few  percent  of  Child- 
Langmuir  current  and  rotating  states  of  electron  flow  has 
been  shown  under  conditions  of  conservation  of  full  pow¬ 
er  and  full  momentum  of  the  system.  Emphasised  is  the 
dominant  influence  of  a  feedback  on  dynamics  of  electron 
beam  modulation  and  on  arising  transverse  leakage  current 
to  the  anode  across  the,  external  magnetic  field  exceeding 
the  critical  magnetic  field  of  magnetic  insulation.  Strong 
azimuthal  instability  exists  if  the  current  of  primary  beam 
is  much  less  then  the  secondary  emission  current.  If  these 
currents  are  comparable,  the  instability  is  weak  and  decays 
in  time  due  to  the  absence  of  strong  azimuthal  inhomogene¬ 
ity  of  secondary  emission  current.  In  the  case  of  the  emis¬ 
sion  of  primary  beam  alone  (secondary  emission  absent), 
deep  modulation  and  leakage  current  arises  only  if  the  con¬ 
dition  of  saturated  regime  of  a  cathode  is  satisfied.  Such 
behaviour  is  conditioned  by  a  feedback  on  the  emitting  sur¬ 
faces  similar  to  the  case  of  nonuniform  secondary  emission 
which  provides  additional  correct  azimuthal  modulation  of 
electron  flow  by  rotating  crossed  ExB -field  and  amplifies 
the  instability.  No  azimuthal  instability  is  observed  if  the 
current  of  primary  beam  is  space-charge  limited.  The  re¬ 
sults  of  2.5-D  and  3-D  computer  simulations  are  presented. 

1  INTRODUCTION 

This  paper  reports  on  computer  simulations  of  an  electron 
cloud  formation  inside  a  smooth-bore  magnetron.  Prelim¬ 
inary  results  were  published  in  [1  -  3],  Computer  simula¬ 
tions  have  been  performed  using  2.5D  and  3D  electromag¬ 
netic  PIC  code  KARAT  [4]  for  the  magnetron  diode  (MD) 
with  parameters  close  to  experimental  [5],  and  with  an  ex¬ 
ternal  voltage  source  Vo{t)  connected  to  MD  via  an  RL- 
circuit.  The  yield  of  secondary  electrons  from  the  cathode 
takes  into  account  the  dependence  of  the  yield  on  the  ener- 
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gy  of  electrons  and  the  angle  between  the  direction  of  elec¬ 
tron  velocity  and  the  perpendicular  to  the  cathode  surface, 
and  also  the  threshold  of  secondary  emission. 

2  DYNAMICS  OF  SELF-SUSTAINING 
SECONDARY  EMISSION  BEAM  IN  MD 

The  main  parameters  of  MD  are:  radius  of  the  anode  rA 
=  0.53  cm,  radius  of  the  cathode  r/t  =  0.33  cm;  external 
longitudinal  magnetic  field  B0  =  2.5  kG  (B0 /Bcr  ~  1.15, 
Uec/2-K  =  7  GHz,  period  of  cyclotron  rotation  0.14  ns);  the 
voltage  rise  time  to  maximum  value  of  Vbm  =  12  kV  was 
varied  from  2  to  10  ns;  maximum  emission  current  of  the 
primary  beam  Iem  =  3  A.  For  given  voltage  and  geometry 
of  MD  the  Child-Langmuir  current  through  the  MD  with¬ 
out  a  magnetic  field  equals  approximately  Icl  —  200  A 
(here  and  below  currents  and  charge  densities  correspond 
to  linear  values  per  cm  of  length  in  the  longitudinal  direc¬ 
tion).  Electrotechnical  parameters  are  tL/r  =  0.25  ns,  trc 
=  0.24  ns,  where  C  is  the  capacitance  of  MD.  Drift  velocity 
of  electrons  in  crossed  fields  is  veg  =  cE0/B0  =  2.4x  109 
cm/s,  if  the  electric  field  is  estimated  as  Vak  /dAK- 

The  process  of  electron  cloud  formation  inside  an  ax- 
isymmetrical  MD  under  the  condition  of  homogeneous  ini¬ 
tial  emission  of  low  current  primary  beam  from  a  cathode 
starts  due  to  inevitable  presence  of  electric  field  fluctua¬ 
tions  in  rotating  flow  of  electrons  stored  inside  the  gap  for 
the  time  of  the  growth  of  the  external  voltage.  Weak  az¬ 
imuthal  instability  is  amplified  by  nonuniform  secondary 
emission  and  a  feedback  on  the  surface  of  the  cathode.  Un¬ 
der  conditions  of  conservation  of  full  energy  and  momen¬ 
tum  a  part  of  the  electrons  lose  energy  under  the  action 
of  the  field  and  drifts  to  larger  radii  towards  the  anode. 
Another  part  of  the  electrons  increases  its  energy  and  re¬ 
turns  to  the  cathode  with  an  energy  exceeding  the  thresh¬ 
old  value  for  secondary  emission.  In  view  of  indicated  rea¬ 
sons,  the  emission  of  secondary  electrons  is  nonuniform. 
This  effect  leads  to  an  intensification  of  the  cathode  back- 
bombardment  process  and  to  fast  and  effective  growth  of 
secondary  electrons  inside  MD.  The  secondary-emission 
current  exceeds  the  primary-beam  current  by  more  than  an 
order  of  magnitude  and  subsequently  exerts  a  determining 
action  on  the  operation  of  the  MD.  The  MD  passes  over 
to  a  condition  of  self-sustaining  emission  and  the  primary 
beam  could  be  switched  off.  After  the  transient  process, 
a  stable  formation  consisting  of  several  bunches  is  formed 
in  this  geometry.  Electron  clouds  rotate  as  a  whole  with 
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approximately  constant  angular  frequency. 

T  0.6  cm 


0.6  cm 


Figure  1 :  Stable  configuration  of  secondary  emission  flow 
(top),  primary  flow  in  saturated  working  regime  of  the  cath¬ 
ode  (middle)  and  primary  space-charge  limited  flow  (bot¬ 
tom). 

The  feedback  on  the  surface  of  the  cathode  exerts  the 
dominant  influence  on  the  growth  of  the  instability  and  on 
arising  of  a  transverse  leakage  current  to  the  anode  across 
the  external  magnetic  field  exceeding  the  critical  magnetic 
field  of  magnetic  insulation.  This  feedback  is  conditioned 
by  right  phasing  of  a  part  of  secondary  emitted  electrons  by 
rotating  crossed  ExB-field.  These  electrons  are  captured 
inside  rotating  modulated  electron  flow  and  stay  inside  the 
gap  for  many  revolutiones  around  the  cathode,  maintain¬ 
ing  its  azimuthal  and  time  structures.  Another  part  of  sec¬ 


ondary  emitted  electrons  can  stay  inside  the  gap  only  for 
a  small  time  comparable  with  the  period  of  cyclotron  mo¬ 
tion  because  they  are  forced  to  return  to  the  cathode  by 
the  radial  component  of  rotating  crossed  ExB-field,  which 
changes  its  direction  during  the  rotation  of  the  flow  as  a 
whole. 

The  regime  of  self-sustaining  secondary  emission  in  MD 
is  characterized  by  the  average  radial  component  of  electric 
field  on  the  cathode  surface,  which  is  close  but  not  equal  to 
zero.  At  given  azimuth  of  the  cathode  surface  it  oscillates 
with  a  frequency  equal  to  the  average  rotating  frequency  of 
the  flow  as  a  whole  times  the  number  of  bunches,  and  with 
amplitudes  varying  from  -10  up  to  30  —  40  kV/cm. 

Note  that  strong  azimuthal  instability  occurred  only  if 
the  current  of  primary  beam  is  small  in  comparison  with 
the  full  current  of  self-sustaining  secondary  emission. 

Fig.  1  (top)  shows  stable  configuration  of  electron  flow 
inside  the  MD  with  secondary  emission  cathode. 


Neo,  N„.  xlO-11 


Figure  2:  Dynamics  of  store  of  electrons  inside  the  gap  for 
the  above  mentioned  cases. 


Fig.  2  (top)  shows  dynamics  of  store  of  primary  Ne o  and 
secondary  Net  electrons  inside  MD.  The  time  behaviour 
of  radial  electric  field  near  the  surfaces  of  the  cathode  is 
shown  in  the  top  of  Fig.  3. 
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Er,kV/cm 


20  21  t,ns 

Figure  3:  Behaviour  of  the  radial  electric  field  near  the  sur¬ 
face  of  the  cathode  for  the  aforementioned  cases. 

3  DYNAMICS  OF  PRIMARY  BEAM  AND 
OF  MIXED  SECONDARY  AND 
PRIMARY  BEAMS  IN  MD 

Investigation  of  an  instability  of  pure  primary  beam  of  dif¬ 
ferent  currents  up  to  space-charge  limited  current  homo¬ 
geneously  emitted  from  a  cathode  of  MD  (an  MD  with 
a  thermionic  cathode  without  secondary  emission)  shows 
that  under  condition  of  space-charge  limited  current  no  az¬ 
imuthal  instability  occurs.  Deep  azimuthal  modulation  of 
the  flow  and  leakage  current  to  the  anode  arises  only  if  the 
condition  of  saturated  regime  (normal  component  of  elec¬ 
tric  field  does  not  equal  zero)  of  a  cathode  is  satisfied.  The 
behaviour  is  conditioned  by  the  same  feedback  on  the  emit¬ 
ting  surface  providing  additional  correct  azimuthal  modu¬ 
lation  of  emitted  particles  similar  to  the  case  of  secondary 
emission.  The  difference  is  that  the  radial  electric  field  does 
not  change  its  direction  on  the  surface  of  the  cathode,  but 
oscillates  with  large  amplitude.  In  the  middle  of  Fig.  1  sta¬ 
ble  configuration  of  the  flow  of  primary  electrons  inside 
the  MD  without  secondary  emission  and  the  cathode  oper¬ 
ating  in  the  saturated  regime  are  shown.  The  bottom  fig¬ 
ure  shows  stable  configuration  for  the  case  of  space-charge 
limited  current  of  primary  electrons.  In  the  middle  and  in 
the  bottom  pictures  of  Fig.  2  dynamics  of  store  of  primary 
No  inside  MD  are  shown  for  aforementioned  cases.  The 
time  behaviour  of  radial  electric  field  near  the  surfaces  of 
the  cathode  for  aforementioned  cases  is  shown  in  Fig.  3. 

In  the  case  when  the  current  of  primary  beam  is  compa¬ 
rable  with  the  current  of  secondary-emission  beam  the  be¬ 


haviour  of  the  electron  flow  for  later  time  is  similar  to  the 
case  of  space-charge  limited  primary  beam.  The  charge  of 
primary  beam  emitted  homogeneously  from  the  cathode  in¬ 
fluenced  the  character  of  secondary  emission  and  smoothes 
over  a  nonuniformity  of  secondary  emission  due  to  addi¬ 
tional  suppression  of  radial  electric  field  on  the  cathode 
surface.  Secondary-emission  current  increases  initially  and 
then  drops  to  a  value  which  provides  the  fall  of  radial  elec¬ 
tric  field  on  the  cathode  surface  to  close  to  zero.  Azimuthal 
modulation  of  the  flow  and  leakage  current  to  the  anode 
do  not  exist  in  this  case.  However,  they  arise  for  a  time  if 
the  current  of  primary  beam  decreases  approximately  by  an 
order  of  its  initial  value. 

4  3D  COMPUTER  SIMULATION 

Presented  above  results  obtained  for  2-dimensional  r  —  6 
geometry  of  the  system.  Results  of  3D  calculations  have 
confirmed  all  main  physical  mechanisms  and  conclusions 
of  2D  calculation.  The  transverse  leakage  current  drops 
sharply  when  Bo  /Bcr  >  1.4  and  longitudinal  leakage  cur¬ 
rent  prevail. 

5  CONCLUSION 

Emphasised  is  the  dominant  influence  of  a  feedback  on  dy¬ 
namics  of  electron  beam  modulation  and  on  arising  trans¬ 
verse  leakage  current  to  the  anode  across  the  external  mag¬ 
netic  field  exceeding  the  critical  magnetic  field  of  magnetic 
insulation.  The  instability  arises  due  to  an  energy  and  a  mo¬ 
mentum  exchange  between  particles  and  rotating  crossed 
azimuthally  modulated  E  x  B-fields.  Strong  azimuthal  in¬ 
stability  exists  if  the  current  of  primary  beam  is  much  less 
then  the  secondary  emission  current.  If  these  currents  are 
comparable,  the  instability  is  weak  and  decays  in  time  due 
to  the  absence  of  strong  azimuthal  inhomogeneity  of  sec¬ 
ondary  emission  current.  In  the  case  of  the  emission  of 
primary  beam  alone  deep  modulation  and  leakage  current 
arises  only  if  the  condition  of  saturated  regime  of  a  cathode 
is  satisfied.  Such  behaviour  is  conditioned  by  a  feedback 
on  the  emitting  surfaces  which  provides  additional  correct 
azimuthal  modulation  of  electron  flow  by  rotating  crossed 
ExB-field  and  amplifies  the  instability. 
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Abstract 

New  type  of  particle  collisions  is  considered.  In 
merging  collisions  two  comoving  beams  intersect  each 
other  at  small  angle  to  provide  low  collision  energy 
required  for  nuclear  fusion  experiments.  Expression  for 
luminosity  is  obtained.  It  is  shown,  that  luminosity  has  a 
maximum  value  depending  on  particle  velocity. 

1  INTRODUCTION 


After  two  bunches  crossed  each  other,  total  number 
of  collisions,  AN,  is  obtained  via  integration  of  Eq.  (3) 
over  volume  of  interacted  bunches  and  time  of  interaction. 
In  a  ring  Nj,  bunches  collide  per  turn  during  time  T=l/f0, 
where  f0  is  a  particle  revolution  frequency.  Therefore, 
luminosity  of  particle  collider,  L  =  (1/a)  (AN/T)  ,  is 


L  =  NbM/  (vi-V2) - 


V.  ^2  [V1XV2] 


pip2  dxdydzdt.  (4) 


Merging  beam  collisions  is  a  new  technique  for 
study  nuclear  fusion  processes  [1].  Merging  two 
radioactive  isotope  beams  deliver  low  energy  collisions 
just  above  the  Coulomb  barrier  threshold  that  is  difficult 
to  be  realized  in  other  experimental  methods.  In  this  paper 
we  analyze  luminosity  of  merging  beam-beam  collision  as 
a  function  of  ring  parameters  and  find  optimal  conditions 
to  obtain  maximum  value  of  luminosity. 

2  LUMINOSITY  OF  MERGING  BEAM- 
BEAM  COLLISIONS 

Consider  two  bunched  beams  with  particle  densities 

pj,  p2  and  beam  velocities  pi  =  vi/c,  p2  =  v^c,  crossing 
each  other  with  angle  2ip  (see  Fig.  1).  Assume  beams  have 
a  Gaussian  space  charge  density  distributions 


exp  [  - 


pi  =Ni 


p2  =N2 


2  ah  2  ah 


(zt  -  Vlt) 

2  ali 


(2 n)3'2  ax i  ayi  azi 


„p[-3L--*L 
2  ah  2  Oy2 


l  (z2  -  v2t)2 


ax2  ay2  az2 


where  Ni,  N2  are  number  of  particles  per  each  bunch, 
axi,  ayj,  azi,  i  =  1,  2  are  root-mean  square  (rms)  bunch 
sizes.  Luminosity  is  defined  as  a  ratio  of  interaction  rate 
dN/dt  to  cross  section  a  of  particle  interaction 
L  =  (l/a)(dN/dt).  According  to  invariant  cross  section 
formula  [2],  number  of  collisions  8N  in  the  volume  dV 
during  time  dt  is 


8N  =  a  'W  (vi-v2)' 


2  [  vi  X  V2] 


pi  p2  dV  dt .  (3) 


Transformation  of  coordinate  system  of  every  bunch 
(xj,yj,Zj),  i=l,  2  into  laboratory  coordinate  system  (x,  y,  z) 
is  given  by  (see  Fig.  1): 

f  zi  =  z  cosip  +  x  sinip  f  z2  =  z  coscp  -  x  sinip 

i  ,1  .  (5) 

*-  xi  =  -  z  smip  +  x  cosip  »-  x2  =  z  sinip  +  x  cosip 

Substitution  of  coordinate  transformation  (5)  into  Eq.  (4) 
gives  the  following  expression  for  luminosity: 

L  =  G  NbfogljiNl.  y  -2Pip2cos2ip  -  p2p2sin22ip ,  (6) 
(2zt)3 

where  integral  over  volume  and  time  of  interaction  is 


axiayi  azi  ax2  ay2  az2 


exp  { -  x>  (-*-  +  4-)  +  ^(JL*  -L)] 

2  Oxi  ah  2  azi  ah 

-z2f^(4-+4-) 

2  ayi  ay2  2  axi  ah 

+  (A~  +  -^-)]  -  Z  t  cosip  -  -~) 

2  azi  ah  oh  ah 

-  —  (-4-  +  +  x  [z  sinip  cosip  (-A - 1 - L.+  JL) 

2  all  ah  ali  a|2  all  a|2 

- 1  sinip  (-^ - ^2_)] }  dx  dy  dz  dt .  (7) 

all  ah 

Assume,  that  collide  bunches  have  the  same  longitudinal 
sizes  aZ]  =  az2  =  az  and  same  velocities  Pi  =  P2  =  P,  but 
different  transverse  sizes  axi  &  ax2,  ayi  &  ay2. 
Calculation  of  luminosity,  Eqs.(6-7)  results  in  expression 
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Fig.  1.  Merging  beam-beam  interaction. 


Formula  (8)  is  derived  assuming  <p  *  0,  n/ 2.  For 
typical  parameters  in  the  interaction  point,  9  «2n, 
CTX  1,2  «  CTz,  the  denominator  factor  in  Eq.  (8)  can  be 
neglected  as  a  product  of  two  small  values: 

tg29  ( —  +,g*2  )  «  1  •  (9) 

ci 


Luminosity,  Eq.(8),  is  inversely  proportional  to 
longitudinal  beam  size,  CTZ,  and  vertical  beam  size,  cy  1, 2, 
and  practically  independent  on  horizontal  beam  sizes  in 
the  plane  of  particle  collision,  crx  1, 2  • 

Let  us  take  into  account,  that  revolution  frequency  of 
particle  motion  in  a  ring  is  given  by  f0  =  Pc  /  Cr  where 
Cr  =  2jcR  is  a  circumference  and  R  is  a  mean  radius  of 
the  ring.  Therefore,  luminosity  as  a  function  of  particle 
velocity  is: 


Taking  derivative  of  luminosity  over  particle  velocity. 


=  0,  (11) 

the  maximum  luminosity,  Lmax,  is  obtained  at  the 
following  optimal  values  of  particle  velocity,  p0pt,  and 
particle  energy,  Yopt : 


9p  2i2%  cos9  Va^i+0y2  0zCr 


Popt  -  ■  — 

Y2  cos9 


v  _  V2  cos  9 

Yopt  —  = 

Y  2  cos  9  -  1 


Lmax  —  - 


_ C  Nb  Ni  N2 _ 

4iln  cos29  V  (Ty\  +  Cy2  cz  Cr 


In  Fig.  2  luminosity  as  a  function  of  particle  velocity 
for  angle  9  =  0.087  is  presented.  Since  the  value  of  9  is 
small  and  cos  9  =1,  the  maximum  luminosity  is  obtained 
for  popt  =  1/V2,  Yopt  =  1.41.  At  relativistic  energies,  P  =  1, 
luminosity  is 


L(P->1)=  - c  Nb  Ni  N2 -  tg(p  (14) 

2V2  n  V  GJl  +  Oy2  Cz  Cr 

Therefore,  reduction  of  luminosity  at  relativistic  particle 
energies  y  »Yopt  with  respect  to  maximum  value  of 
luminosity  is 

=  sin  29  .  (15) 

Lmax  (Popt) 
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that,  if  collisions  is  performed  on-axis,  luminosity  does 
not  depend  on  particle  velocities.  Consider  two  bunched 
beams,  which  move  in  the  same  direction  with  different 
velocities  vi  *  V2.  Luminosity  of  such  comoving 
collisions  is  obtained  from  general  formulas  (6),  (7)  by 

change  of  v2  for  -  v2  and  assuming  <p  =  0: 

T  _  Nb  fo  c  Ni  N2  jPi  -  N  G 
(2tc)3  a}  Oy  ai 


exp  [  - 

oi 


a2y 


z 

of 


t2  M  + 

2  ai 


Fig.  2.  Luminosity  of  merging  beam-beam  collisions  for 
angle  cp  =  0.087  as  a  function  of  particle  velocity. 


+  Z't— — V2—  ]  dx  dy  dz  dt  .  (19) 

at 


3  COMPARISON  WITH  LUMINOSITY  OF 
CROSSING  ANGLE  COLLISIONS 


After  evaluation  of  integral  (19),  the  value  of  luminosity 
is: 


L  -  Nbf0NiN2 

4 n  Ok  Oy 


(20) 


.Let  us  compare  maximum  luminosity  at  merging 
collisions,  Eq.  (13)  with  that  for  head  crossing  angle 
collision  with  the  same  value  of  tp.  Expression  for 
luminosity  with  head  crossing  angle  collision  is  obtained 

from  general  expression  ,  Eqs.  (6),  (7),  by  change  of  v2  for 
-v2  [3]: 


Eq.  (20)  gives  the  same  result  as  luminosity  of  head- 
on  collision.  Integration  in  Eq.  (19)  is  performed  in  the 
infinite  limits.  It  means,  that  bunches  of  both  beams  have 
to  pass  through  each  other  completely.  Bunch  length  is 
/  =  4  Gz-  To  perform  interaction,  collision  region,  /con, 
has  to  be  as  long  as  [4] 


L  = _ Nb  f0  Ni  N2  V  1  -  p2  sin2<p _ 

2n  V Oyi  +Oy2  V 2o2  sin2(p  +cos2<p  (a2i  +ah) 

Ratio  of  two  values  of  luminosity  is: 


Icoll  =  l  . 


P2 

I  Pi  “  P2I 


(21) 


Typical  value  of  ratio  in  Eq.  (21)  is  P^Ap  =  10.  To  obtain 
the  same  value  of  luminosity  in  comoving  collisions  as 
that  for  head-on  collisions,  it  is  necessary  to  provide  long 
interaction  region  with  short  bunches  [4].  Merging  beam 
collisions  deliver  smaller  value  of  luminosity  with  short 
interaction  region. 
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4  LUMINOSITY  OF  COMOVING  BEAM 
COLLISIONS 

From  the  previous  section  it  is  clear  that  merging 
collision  is  characterized  by  small  value  of  luminosity. 
V.V.Parhomchuk  (BINP,  Novosibirsk)  pointed  out  [4] 


1739 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


TEST  PROBLEMS  FOR  VALIDATION  OF  SPACE  CHARGE  CODES 


Yuri  K.  Batygin 


The  Institute  of  Physical  and  Chemical  Research  (RIKEN),  Saitama,  351-01,  Japan 


Abstract 

Particle-in-cell  codes  for  intense  beam  dynamics 
study  with  space  charge  include  parameters  defined  by 
user:  number  of  modeling  particles,  number  of  grid  points 
and  integration  step.  Combination  of  that  parameters  has 
to  provide  the  most  accurate  calculation  of  beam  dynamics 
during  reasonable  computing  time.  Analytical  solutions  for 
intense  beam  dynamics  problems  with  space  charge  allow 
comparable  runs  of  codes  with  controlled  accuracy  of 
calculations.  In  present  paper  test  problems  using  PIC 
code  BEAMPATH  are  given. 

1  INTRODUCTION 

Self-consistent  solutions  for  beam  distribution 
function  serve  as  test  problems  for  verification  of  beam 
space  charge  codes.  Most  of  the  solutions  are  obtained  for 
beam  with  linear  space  charge  forces.  Large  number  of 
tests  are  available  utilizing  KV  equations  for  beam 
envelopes.  Here  we  consider  drift  of  uniform  beam  in  free 
space  (Section  2).  Problem  of  beam  drift  is  generalized  for 
non-uniform  beam  as  well  (Section  3).  Number  of  tests  for 
both  uniform  and  non-uniform  beams  are  available  for 
beam  equilibria  with  space  charge  (Section  4).  Several 
tests  (drift  of  uniformly  charged  ellipsoid,  Section  5  and 
beam  bunching,  Section  6)  include  longitudinal  space 
charge  forces. 


2  DRIFT  OF  UNIFORM  BEAM  IN 
FREE  SPACE 

Spread  of  round  uniform  beam  with  current  I, 
emittance  3,  velocity  (3  and  energy  y  in  free  space  is 
described  by  KV  equation  for  beam  envelope  R  [1]: 

=  o) 

dz2  R3  R  (py)3Ic 

where  Ic  =  4jte0mc3/q  is  a  characteristic  value  of  beam 
current.  For  space  charge  dominated  beam  3=0,  Eq.  (1) 
has  a  solution  [2]: 

JL  =  1  +0.25Z2-  0.017  Z3,  Z  =  -L,Orr,  (2) 
Ro  Ro  V  Ic  |3  y3 

In  Fig.  1  results  of  beam  envelope  evolution  utilizing 
104  particles  on  the  grid  256  x  256  are  presented. 
Deviation  from  analytical  solution  (2)  is  less  than  10~4. 


Fig.  1.  Drift  of  uniform  beam  in  free  space. 

3  DRIFT  OF  GAUSSIAN  BEAM  IN  FREE 
SPACE 

If  beam  is  not  uniform,  it's  density  profile  as  well  as 
beam  sizes  are  changed  in  drift  space.  Evolution  of 
Gaussian  beam  with  zero  emittance  in  drift  space  under 
self  non-linear  space  charge  forces  is  described  by 
expression  [3]: 


po  exp  (-  2  ^o) 


ao  +  ajF  +  a2F2  +  a3F3  +  +  asF5  +  a6F6 

where  the  following  notations  are  used: 


(3) 


t  -  r° 
Ro’ 


F  = 


1  -  exp  (-2^0)  „  _  41 

>  M  “ 


52 


Ic  p  f  Ro 


» (4a) 


ao  =  1  +  T|  exp  (-2^o),  ai  =  -  0.102  r|3/2  exp  (-2^02) ,  (4b) 


a2  =  1  ri2  exp  (-2^), 

4 

(4c) 

a3  =  0.017  r )3/2  -  0.0425  r|5/2  exp  (-2£02) , 

(4d) 

a4  =  1.734-10'3  t|3exp(-2^2)  -  -L  T|2  , 

16 

(4e) 

a5  =  0.01275  r|5/2 ,  a6  =  -  5.78  -10  * 4  r|3  . 

(4f) 

In  Fig.  2  results  of  evolution  of  35  MeV,  4.7  A ,  D+ 
beam  with  initial  Gaussian  distribution  and  initial  radius 
of  R0  =  1.3  cm  are  presented.  Simulations  with  104 
particles  on  the  grid  256  x  256  indicate  good  agreement 
with  theory. 
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and  transverse  semi-axes,  respectively.  Potential  of  the 
uniformly  populated  ellipsoid  in  free  space  is  given  by 


^r2  +  Mzz2]  , 

P-f-f. 
4;t  b2a 

(6) 

In  (J  +e)-  1], 

1  -  £ 

e-Vaj-b2 

a 

(7) 

ez  2e  1  -  £ 

Space  charge  forces  inside  ellipsoid  are 


8ji£<>  b2a 


(l-Mz)r,  Ez  =  - 


47t£o  b  a 


-Mr  z .  (8) 


Fig.  2.  Redistribution  of  Gaussian  beam  in  drift  space:  a- 
PIC  simulation,  b  -  calculated  from  Eq.  (3). 

4  BEAM  EQUILIBRIUM  WITH  SPACE 
CHARGE 

If  beam  distribution  function  f  (x,  y,  px,  py)  is 
conserved  in  time-independent  focusing  field,  beam  is  in 
equilibrium  with  external  field.  Stationary  self-consistent 
beam  distribution  function  is  a  solution  of  Vlasov- 
Poisson's  equations: 

1  ,df  ^  df  x  ,  df  3U  ^  df  dlK  n 
~  (—  Px+  — Py)  -  q(—  —  +  —  — )  =  0 
j-  mY  dx  3y  dpx  dx  dpy  dy 

{  .(5) 

Ioo  r  oo 

|  f  (x)Px>y>Py)  dpx  dpy 
oo  j-c. 

where  U  =  Ub  +  Y  2Uext  is  a  total  potential  of  the 
structure,  Ub  is  a  space  charge  potential  and  Uext  is  an 
external  focusing  potential.  General  treatment  of  the 
problem  (5)  for  arbitrary  distribution  function  was  given 
in  [4],  In  Table  1  self-consistent  solutions  for  different 
beam  distributions  are  given. 

5  DRIFT  OF  UNIFORMLY  CHARGED 
ELLIPSOID  IN  FREE  SPACE 

All  mentioned  problems  dealt  with  transverse 
particle  motion.  Several  tests  are  available  including 
longitudinal  space  charge  forces.  Consider  uniformly 
populated  spheroid  with  charge  Q  and  a,  b,  as  longitudinal 


Due  to  linear  space  charge  forces,  ellipsoid  remains 
uniformly  populated  in  drift  space.  Equations  for 
evolution  of  ellipsoid  boundaries  are 

d2a  _  3  9  QMZ  d2b  -  3  9  QD  -M2)  (9) 

dt2  471  m£o  b2  dt2  8tc  m£o  ab 

In  Fig.  3.  numerical  results  for  ellipsoid  with  Q  =  3 
nK  utilizing  2104  particles  on  the  grid  128  x  512  are 
presented.  Initial  ellipsoid  with  ratio  of  semi-axes  a/b  =  3 
is  transformed  into  ellipsoid  with  ratio  of  a/b  =  1.55 
(analytical  solution  a/b  =  1.62).  General  treatment  of 
ellipsoid  drift  in  free  space  including  finite  value  of  beam 
emittance  is  given  in  [5]. 


-4  -3  -2-10  1 

z  (cm) 


14  15  16  17  18  19  20  21  22 

z  (cm) 

Fig.  3.  Drift  of  uniformly  populated  ellipsoid  in  free  space. 
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Table  1.  Self-consistent  beam  equilibrium  with  space  charge. 


Distribution  function  Definition 


Required  focusing  field 


Gaussian 


Parabolic 


f=fo5(Pi±p^  +  x-2±y2.-H0) 

(e/R)2  R2 

f=f„exp(-2Pl±4-2x-i±li-) 

(e/R)2  R2 


Water  bag  f  =  f0,  2_  (  x2+  yZ  +  +Py  )  <  l 


f=fo(i.  p bit) 

2  R2  2  (e/R)2 


Extended  Gaussian  f  =  f0  exp  ( -  2  — — -  (x  +  y ..)  ) 

m \2  _  A 


E(r)  =  -  ISel  l(JL)t(£.)2+2  _X_] 
qR  Y  R  R  pylc 

E(r)  =  -  mc2  r  [•  e2  +  4 1  (l-exp(-2r2/R  )j 
q  RY  R  R2  PYlc  2(r2/R2) 

E(r)  =  - [ e?_  +  _8I —  (1_ 

q  R2y  R2  3IcPy  3  R2 


E(r)  =  -JSS^C  [^_  +  ^l_(i-^_+_d_)] 
q  R2y  R2  !c  PY  2  R2  12  R4 


E(r)  =  -  -me?-  [(%2(  A) + _2L_  (R>  erf  (4)1 
qRY  R  r3  IcPy  r  R 


6  BEAM  BUNCHING 

One-dimensional  problem  of  beam  bunching  with 
space  charge  has  an  approximate  analytical  solution  [6], 
Consider  non  relativistic  beam  of  energy  qU0  with  fixed 
radius  R  propagating  in  a  tube  of  radius  a.  Injected  beam 
passes  through  the  gap  of  length  d  with  applied  voltage 
U(t)  =  U  i  -sin  0)ot.  In  drift  space  particles  are  bunched 
which  is  characterized  by  the  value  of  first  harmonic  of 
induced  current  Ij  as  a  function  of  bunching  parameter  X 


ii-  =  2Ji(X),  X  =  (UlML)  (M)  [ 
I  2U0  v 


sin  £1?-) 

(^) 

v 


where  Ji  (X)  is  a  Bessel  function,  Mi  is  a  coupling 
coefficient  of  the  beam  with  modulation  gap: 

(id 

e/2 

0  =  ©o  d/v  is  a  transit  time  angle  trough  the  gap, 
©q  =  Vf  (Op  is  a  reduced  plasma  frequency  of  the  beam, 
(0P  =  2  (c/R)  V I  /  ((3IC)  is  a  plasma  frequency  for  an 
unbounded  beam  and  F  is  a  form  factor  of  reduction  of 
plasma  frequency  due  to  finite  radius  of  the  beam  and 
tube: 

F  =  2.56  Ji2  (2.4  R-)  /  [  1  +  5.76/Qr2  ],  6r  =  ©oR  /v  .  (12) 
a 

Numerical  value  of  the  first  harmonic  of  bunched 
beam  is  calculated  as  follow: 


^-  =  — V lX  cos©ot„(z)]  +  [X  sin  ©ot„(z)]  ,  (13) 
I  N  n=l  n-1 

where  tn(z)  i  =  1,...N  is  a  time  of  reaching  of  the  particle 
with  number  n  of  point  z.  Numerical  example  of  bunching 
of  150  keV,  1  A,  R/a  =  0.8  proton  beam  represented  by 
104  particles  on  the  256  x  256  grid  is  given  in  Fig.  4. 


-],(10)  _ 


0123456789  10 


Fig.  4.  Beam  bunching:  dotted  line  -  analytical  solution, 
Eq.  (10);  solid  line  -  numerical  values. 
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Abstract 

The  result  of  investigation  and  comparison  of  a  series  of 
transverse  phase  space  painting  schemes  for  the  injection 
of  SNS  accumulator  ring  [1]  is  reported.  In  this  computer 
simulation  study,  the  focus  is  on  the  creation  of  closed 
orbit  bumps  that  give  desired  distributions  at  the  target. 
Space  charge  effects  such  as  tune  shift,  emittance  growth 
and  beam  losses  are  considered.  The  results  of  pseudo 
end-to-end  simulations  from  the  injection  to  the  target 
through  the  accumulator  ring  and  Ring  to  Target  Beam 
Transfer  (RTBT)  system  [2]  are  presented  and  discussed. 

1  INTRODUCTION 

At  Brookhaven  National  Laboratory  work  is  in  progress 
for  the  design  and  construction  of  SNS  accumulator  ring 
system  [1].  The  system  consists  of  a  1MW,  expandable  to 
2MW,  accumulator  ring  [3]  and  two  transfer  lines.  High- 
Energy  Beam  Transport  line  (HEBT)  [4]  brings  beam 
from  the  end  of  linac  to  the  injection  bump  of  the  ring,  and 
Ring  to  Target  Beam  Transport  line  (RTBT)  [2]  brings 
beam  from  the  extraction  kicker  of  the  ring  to  the  target. 

At  the  target,  the  proton  beam  must  meet  stringent 
specifications,  as  listed  in  Table  1,  in  consideration  of  the 
stress  and  lifetime  of  the  target.  The  proton  distribution  at 
the  target  is  crucially  determined  by  the  beam  distribution 
in  the  ring.  Furthermore,  a  proper  proton  distribution  in 
the  ring  is  critically  dependent  on  the  6-dimensional  phase 
space  injection/stacking  method.  Therefore,  in  order  to 
obtain  the  desired  proton  distribution  at  the  target,  one 
must  create  a  set  of  suitable  closed  orbit  bumps  at  the 
injection  that  provide  a  proper  phase  space  painting. 

In  the  current  H'  charge  exchange  injection  design  [5],  the 
horizontal  and  vertical  bumps  are  formed  by  sets  of  four 
pulsed  dipoles.  The  strengths  of  the  dipoles,  in  each 
direction,  can  be  programmed  as  functions  of  time  during 
the  injection  to  provide  phase  space  painting.  As  a  part  of 
design  study,  we  ask:  (1)  can  the  bumps,  as  in  the  current 
design,  satisfy  the  beam  requirements  at  the  target?  (2)  if 
can,  what  are  the  prescriptions  of  the  bumps  as  functions 
of  time  during  the  injection?  (3)  are  these  prescriptions 
technically  achievable?  To  answer  these  questions,  we 
investigated  and  compared  a  series  of  transverse  phase 
space  painting  schemes  by  realistic  computer  simulations. 


Table  1  :  Beam  requirements  at  the  target  [6] 


Beam  horizontal  dimension 

200  mm 

Beam  vertical  dimension 

70  mm 

Time-averaged  beam  current 
density  over  beam  footprint 

<0.091  A/m2 

Beam  power  within  target 
and  outside  nominal  spot 

<5% 

Peak  time-averaged  beam 
current  density  over  1  cm2 

<0.182  A/m2 

Peak  1 -pulse  density  over  1  cm2 

1.89  x  1016  proton/m2 

2  COMPUTER  SIMULATIONS 

Three  computer  simulation  codes  are  used  in  this  study: 
ACCSIM  [7]  and  SIMPSONS  [8]  for  beam  tracking  in  the 
accumulator  ring,  and  PARMILA  [9]  for  the  RTBT  line. 
Both  ACCSIM  and  SIMPSONS  are  capable  of  tracking  a 
large  number  of  macro-particles  through  the  ring  lattice, 
in  the  presence  of  space  charge  and  beam  to  wall 
interactions,  in  full  6-dimensions.  In  addition  to  the 
common  features,  ACCSIM  provides  wide  range  of 
injection  simulation  options  such  as  foil  specifications,  6- 
D  phase  space  painting  and  injected  particle  distributions. 
On  the  other  hand,  SIMPSONS  is  a  powerful  tool  for 
extensive  study  of  space  charge  effect.  So,  in  this  study, 
phase  space  painting  is  investigated  with  ACCSIM  and 
space  charge  effect  is  done  with  SIMPSONS.  Presently, 
efforts  are  been  made  [10]  in  BNL  to  integrate  various 
codes  onto  a  common  platform  that  accommodates  6-D 
painting  and  space  charge  effects  together  with  magnet 
field  error  and  misalignment  analysis,  magnetic  fringe 
field  mapping,  and  beam  collimation. 

All  the  physical  quantities  used  in  the  simulations  are 
chosen  to  be  as  close  as  possible  to  the  specifications  in 
the  current  design.  The  lattice  functions  and  other  salient 
parameters  used  in  the  simulations  are  listed  in  Table  2. 

Table  2  :  Design  parameters  used  in  the  simulation  study 


Beam  Kinetic  Energy 

1  GeV 

Beam  Average  Power 

1. 0-2.0  MW 

Proton  Revolution  Period 

0.8413  psec 

Ring  Circumference 

220.688  m 

Number  of  Turns  Injected 

1225 

Beam  Emittance  e„v 

120  7cmm-mr 

Tunes  v,  /  vv 

5.82/5.80 

Max.  (3,  /  max.  P„ 

19.2 /19.2  m 

Dispersion  Xn  (max/min) 

4.1  /  0.0  m 

"Work  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy. 
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3  PHASE  SPACE  PAINTING 

Since  the  beam  is  injected  into  the  ring  at  a  dispersion-free 
region  [5],  beam  phase-space  painting  in  the  transverse 
direction  is  conveniently  de-coupled  from  the  longitudinal 
beam  manipulation  [11].  Furthermore,  painting  in  the 
horizontal  and  vertical  direction  can  be  adjusted 
independently.  The  injection  system  is  designed  to 
accommodate  both  x-y  correlated  and  x-y  anti-correlated 
painting  schemes,  illustrated  in  Fig.  1. 


(a)  (b) 

Figure  1:  Basic  painting  scenarios,  (a)  x-y  correlated 
painting,  (b)  Jt-y  anti-correlated  painting. 


In  both  painting  examples,  shown  in  Fig.  3  and  4,  the  time 
constants  of  the  bumps  were  0.3  ms  or  longer  in 
consideration  of  eddy  current  effect  in  the  vacuum 
chamber.  Since  painting  is  adopted  in  both  directions 
without  steering  of  the  injecting  beam  the  minimization  of 
foil  hitting  and  the  design  of  downstream  beam  line  and 
beam  dump  for  the  un-stripped  beam  become 
straightforward. 


Xb  (mm)  Y  (mm) 


The  most  easily  achievable  bumps  are  the  ones  moving 
the  closed  orbit  monotonically  as  an  exponential  function 
of  time  with  a  reasonably  long  time  constant.  With  a  x-y 
correlated  bump  setting,  as  shown  in  Fig.  2,  phase  spaces 
in  both  dimensions  are  painted  from  small  to  large 
emittances.  Ideally,  the  resulting  rectangular  transverse 
profile,  Fig.  3,  can  easily  meet  the  target  requirements. 


time  (ms)  time  (ms) 

Figure  2:  Orbit  bump  setting  for  a  x-y  correlated  painting. 

However,  such  a  beam  profile  is  susceptible  to  transverse 
coupling  due  to  magnet  misalignment  and  space  charge 
forces,  which  in  turn  results  in  an  effective  doubling  of  the 
maximum  emittance  in  both  directions.  On  the  other  hand, 
with  the  x-y  anti-correlated  scheme  the  total  transverse 
emittance  is  approximately  constant  during  the  injection. 
The  resulting  oval  beam  profile  achieved  by  x-y  anti¬ 
correlated  painting,  fig.  4,  is  immune  to  the  transverse 
coupling.  Table  3  compares  the  two  painting  schemes. 


X  (mm)  4  (deq) 

Figure  3:  Phase  space  distribution  at  the  end  of 
injection  achieved  by  a  x-y  correlated  phase  space  painting. 


Figure  4:  Phase  space  distribution  at  the  end  of  injection 
achieved  by  a  x-y  anti-correlated  phase  space  painting. 
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4  SPACE  CHARGE  EFFECT 

We  compare  space  charge  effects  between  the  beams  in 
the  current  design  of  FODO  nominal  tune  lattice  and  in  an 
alternative  design  of  FODO  split  tune  lattice  [12] 
developed  recently  as  part  of  design  studies  in  BNL.  10s 
macro  particles,  with  transverse  phase  space  distribution 
similar  to  the  one  shown  in  Fig.  4  were  tracked  in  the  two 
lattices  for  100  turns  by  SIMPSONS  2D  code.  Space 
charge  effect  in  beams  with  peak  current  0-100A, 
corresponding  to  the  proton  accumulation  of  0-2MW,  was 
investigated.  The  rms  emittance  growth  and  tune  shift  due 
to  space  charge  as  functions  of  peak  current  are  shown  in 
Fig.  5  and  Fig.  6  respectively.  The  lattice  functions  and 
space  charge  effects  in  2MW  beams  in  the  two  lattices  are 
compared  in  Table  4.  With  the  split  tune  lattice,  the 
vertical  beam  envelope  variation  Omax/Pmin)  is  significantly 
reduced.  Correspondingly,  the  vertical  emittance  and 
beam  tail/halo  generation  is  also  dramatically  reduced. 


Fig.  5  RMS  emittance  growth  as  function  of  peak  current. 


Table  4:  Lattice  comparison 


LATTICE 

Unsplit 

Split 

Tune  v,  (x/y) 

5.82/5.80 

5.82/4.80 

Max.  /  min.  [1-function,  (m) 

19.2/1.4 

19.4/2.6 

Max.  IDJ,  (m) 

4.0 

3.9 

B  /B 

13.7 

7.5 

Max.  B„,n  (at  10cm),  (kG) 

3.0 

3.2 

Max.  tune  shift,  Av,  (x/y) 

0.2  -  0.3 

0.2  -  0.3 

SC  P  growth  Ap/p,  (x/y) 

0.10/0.16 

0.12/0.06 

Emittance  growth,  At/£,(x/y) 

-0/.014 

.003  /  .002 

Tail/halo  rate,  x/y  (10'Vtum) 

1.1/ 1.7 

1.2  /  0.1 

5  PSEUDO  END  TO  END  SIMULATION 

Driven  by  searching  for  suitable  painting  schemes, 
injections  with  various  bump  settings  were  simulated  in 
the  accumulator  ring.  Then  particle  distribution  obtain 
from  the  ring  simulations  were  tracked  to  the  target 
through  the  RTBT  line  with  PARMILA.  PARMILA  was 
modified  to  include  scattering  effect  of  a  4mm  thick 
inconel  window,  which  is  about  2  meter  from  the  target. 
Then  the  current  distributions  are  checked  against  the 
beam  requirement  at  the  target.  (Table  1).  It  was  fund 
that,  in  a  2-D  plan  of  time  constant  and  bump  strength, 
there  is  a  nice-sized  region  in  which  all  the  bump  settings 
give  satisfactory  distributions.  Fig.  7  shows  one  example 
of  satisfactory  distribution  at  the  target  that  was  achieved 
by  the  bump  settings  shown  in  Fig.  2.  Complete  end-to- 
end  simulations,  from  the  ion  source  to  the  target  though 
linac,  HEBT,  accumulator  ring  and  RTBT  is  in  progress. 


Fig.  7  Current  density  distribution  at  the  target  in  units  of 
10  A/m2.  One  quadrant  of  the  beam  footprint  is  shown. 
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Abstract 

The  transition  jump  system  has  been  indispensable  to  the 
high  intensity  proton  operation  of  the  AGS  complex. 
Nevertheless,  transition  crossing  remains  one  of  the  major 
hurdles  as  the  accelerator  complex  intensity  is  pushed 
upward.  To  enhance  the  performance  of  the  system 
‘quadrupole  pumping’  in  the  Booster  is  used  to  minimize  the 
necessary  longitudinal  dilution  of  the  beam  on  the  AGS 
injection  porch.  During  the  transition  jump  sextupole 
correctors  at  strategic  locations  are  pulsed  to  minimize  the 
effects  of  the  chromatic  non-linearity  of  the  jump  system. 
The  available  instrumentation  for  diagnosing  the 
performance  of  the  system  will  be  described,  along  with 
performance  at  the  recent  record  beam  intensities. 

1  INTRODUCTION 

The  gamma  jump  system  at  the  AGS  is  in  operation  since 
1994.  It  consists  of  three  quadrupole  doublets  positioned 
symmetrical  around  the  ring.  When  these  quadrupoles  are 
powered,  they  produce  lattice  perturbations  resulting  in  a 
change  of  the  transition  energy.  During  acceleration  of  the 
beam  in  the  AGS  these  quadrupoles  are  slowly  ramped  as 
the  beam  nears  the  transition  energy  of  the  unperturbed 
machine.  The  beam  remains  below  transition  in  this  way  for 
a  longer  period.  When  the  beam  energy  is  well  above  the 
transition  energy  of  the  unperturbed  machine,  the  currents  in 
the  quadrupoles  are  crowbarred  to  produce  a  fast  change  of 
the  transition  energy  of  the  lattice  and  therefore  an  effective 
fast  crossing  of  transition.  Since  the  time  constant  of  this 
crowbar  is  proportional  to  the  inductance  of  the  load  each 
quadrupole  magnet  has  its  own  charging  supply  and  crowbar 
circuit.  A  more  detailed  description  of  the  system  can  be 
found  in  [1,2]  and  references  cited  there. 

The  large  distortion  to  the  machine  lattice  inherent  to  the 
jump  implies  that  the  beam  momentum  spread,  hence 
longitudinal  emittance,  is  the  critical  beam  parameter  near 
transition. 

The  following  will  outline  the  strategies,  which  have  been 
employed  during  the  high  intensity  proton  running  period  for 
the  High  Energy  Physics  program  of  FY98  and  FY99.  The' 
first  involves  RF  gymnastics  in  the  Booster  aimed  at 


reducing  the  longitudinal  emittance  of  the  beam  in  the  AGS. 
The  second  involves  powering  sextupoles  using  newly 
installed  hardware  to  counter  the  non-linear  effects  of  the 
transition  jump  system. 


2  REDUCTION  OF  THE  BEAM 
DILUTION  IN  THE  AGS 

Optimizing  beam  intensity  in  the  AGS  involves  a 
compromise  between  conflicting  needs  to  create  the  most 
stable  conditions  on  the  long  injection  porch,  and  to  produce 
a  beam  with  minimal  momentum  spread  for  the  transition 
jump.  Beam  properties  relevant  to  front  porch  stability 
issues  include  the  peak  beam  current,  the  momentum  spread 
as  well  as  tranverse  dilution.  The  beam  has  been 
longitudinally  mismatched  upon  transfer  from  the  Booster  to 
the  AGS  in  previous  years  and  an  RF  cavity  with  a 
frequency  about  forty  time  that  of  the  accelerating  RF  has 
been  used,  which  smooths  and  speeds  filamentation  of  the 
beam  increasing  the  longitudinal  emittance  and  the  beam 
stability  [3,4],  At  transition  this  results  in  increased  beam 
losses,  because  the  beam  size  increases  so  much,  which  is  a 


Figure  1 :  The  wall  current  monitor  signal  showing  the 
peak  current  density  variations  in  the  Booster  before 
transfer  to  the  AGS.  Horizontal  scale  is  1  ms/s 
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Result  of  the  large  modulation  of  the  dispersion  function 
during  the  pulsing  of  the  transition  jump  quadrupoles  [1,2]. 
For  this  running  period  the  peak  bunch  intensity  and 
momentum  spread  of  the  bunches  transferred  from  the 
Booster  to  the  AGS  has  been  reduced  by  so-called 
quadrupole  pumping,  a  process  where  the  RF  voltage  is 
modulated  before  the  beam  transfers  to  the  AGS.  In  this  way 
the  lower  peak  densities  can  be  obtained  in  the  AGS  without 
the  emittance  increase  associated  with  the  dilution  of  the 
high  frequency  cavity.  Figure  1  shows  the  wall  current 
monitor  signal  in  the  Booster  during  the  last  10  ms  before 
transfer  to  the  AGS.  It  is  seen  that  the  peak  density  is 
reduced  to  approximately  60%  from  the  value  before  the 
quadrupole  pumping  process  started. 

However,  operation  of  the  highest  intensity  beams  have  been 
obtained  with  a  significant  longitudinal  mismatch 
intentionally  present  between  the  Booster  and  the  AGS, 
implying  that  some  momentum  spread  increase  was  needed 
on  the  injection  porch. 


3  NON-LINEAR  EFFECTS  OF  THE 
TRANSITION  JUMP  SYSTEM 

The  second  order  yt-jump  scheme  used  in  the  AGS 
significantly  distorts  the  machine  lattice.  In  [5]  Wei  et  al. 
described  measurements  and  simulations  of  the  large 
chromatic  non-linearity,  which  accompanies  the  powering  of 
the  transition  jump  quadrupoles.  Wei  proposed  the  use  of  a 
current  of  about  100  A  in  the  twelve  superperiod  symmetric 
horizontal  chromaticity  sextupoles  in  the  AGS  to  minimize 
the  nonlinear  effects  of  the  jump  system.  Subsequent 
measurements,  using  a  longitudinally  very  small  beam, 
confirmed  this  prediction  [6], 

However,  attempts  to  implement  this  plan  using  the  high 
intensity  beam  over  the  past  several  years  have  consistently 
resulted  in  increased  beam  losses  at  transition  even  for 
sextupole  currents  well  below  100  A. 

Although  this  is  not  rigorously  understood,  it  is  known  that 
the  beam  equilibrium  orbit  is  significantly  offset  from  the 
sextupole  centers.  The  resulting  distortions  may  be 
responsible  for  the  increased  losses,  which  motivated 
attempting  to  reduce  the  number  of  sextupoles  involved  in 
the  correction.  Closer  investigations  of  the  effect  of  the 
sextupoles  with  the  computer  simulation  code  MAD  showed 
that  by  choosing  only  three  of  the  twelve  sextupoles,  those 
located  near  maxima  of  the  distorted  dispersion  function 
inherent  to  the  jump  (B13,  F13  and  J13),  an  equally 
effective  reduction  in  the  nonlinearity  could  be  achieved. 
Figure  2  shows  some  results  of  these  simulations.  The 
transition  energy  is  plotted  as  a  function  of  the  momentum 
error  of  the  beam  in  the  AGS  for  various  currents  in  these 
three  sextupoles.  These  simulations  also  revealed  some  ill 
effects  of  the  sextupole  correction.  Figure  3  shows  the 


Figure  2:  The  transition  energy  versus  momentum 
with  the  sextupole  current  as  parameter 


maxima  in  the  horizontal  beta  function  as  a  function  of  the 
momentum  error  for  various  values  of  the  currents  in  the 
horizontal  sextupoles. 

To  introduce  sextupole  correction  near  transition  with 
minimal  effect  on  the  orbit  and  independent  of  the  regular 
chromaticity  correction,  additional  (floating)  power  supplies 


Figure  3:  The  maximum  horizontal  beta  function 
versus  momentum  for  different  sextupole  settings 
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have  been  installed  for  each  of  the  three  sextupoles  at  B13, 
F13  and  J13  in  the  AGS  ring.  In  pulsed  mode  the  supplies 
are  able  to  output  100  A. 

4  DISCUSSION 

During  the  recent  high  intensity  proton  run  the  AGS 
complex  has  reached  record  intensities  above  70*1012 
proton  per  cycle  (70  TP).  Details  of  how  this  has  been 
achieved  are  described  in  a  separate  contribution  [7]. 
Although  tuning  of  transition  can  not  be  done  independent 
of  injection  and  extraction  parameters,  issues  specific  to  the 
operational  aspects  of  crossing  of  the  transition  energy  will 
be  described  here. 

The  machine  complex  was  turned  on  with  quadrupole 
pumping  in  the  Booster.  The  high  frequency  cavity  is  still 
being  used,  but  the  resulting  dilution  is  smaller  because  of 
the  reduced  phase  mismatch  of  the  beam  with  respect  to  the 
RF  in  the  AGS.  As  in  previous  years  the  gap  volts  have  been 
reduced  during  the  ramping  of  the  transition  quadrupoles  to 
minimize  the  momentum  spread,  which  is  estimated 
Ap/p=±.6%  at  the  time  the  transition  jump  occurs.  Further 
the  three  sextupoles  were  powered  with  a  current  ramp 
similar  to  the  ramp  function  in  the  transition  quadrupoles. 
Because  of  the  anticipated  momentum  spread  the  maximum 
current  for  this  ramp  was  set  at  35  A. 

In  previous  years  dipole  and  quadrupole  magnets  have  been 
moved  to  minimize  the  effect  of  the  jump  system  on  the 
orbit  [2],  Before  this  run  the  sextupole  magnet  at  J13  was 
moved  because  beam  loss  data  from  the  previous  run  had 
shown  excessive  beam  loss  at  this  location.  At  another 
location,  downstream  of  the  D20  RF  cavity,  where  a  similar 
problem  existed  a  backleg  winding  bump  was  installed. 
Despite  all  these  efforts  the  optimum  tuned  machine  was  one 
where  the  orbit  excursions  at  the  maximum  of  the  ramp  of 
the  transition  quads  were  intentionally  not  minimized  and 
included  deviations  as  large  as  10  mm.  Although  beam 
losses  downstream  of  the  D20  cavity  have  been  reduced, 
they  are  still  problematic. 

When  the  machine  was  routinely  running  above  60  TP  it  was 
observed  that  the  transition  losses  were  varying  from  cycle 
to  cycle  from  ~2  to  ~4  TP.  A  wall  monitor  mountain  range 
program  was  modified  such  to  provide  integration  of  the 
individual  bunch  areas  during  the  period  around  transition. 
This  application  revealed  that  most  of  the  varying  beam  loss 
occurred  on  the  last  transfer  from  the  Booster.  Possible 
explanation  for  this  behaviour  is  the  fact  that  the  last  transfer 
has  the  highest  intensity  and  the  shortest  exposure  time  to 
the  high  frequency  cavity. 

The  performance  of  the  transition  jump  system  has  improved 
during  the  recent  run  over  previous  years.  On  average  beam 
losses  have  been  reduced,  while  running  at  higher 
intensities.  Because  of  the  complexity  of  tuning  the  machine 
to  the  high  intensities,  it  is  not  possible  to  identify,  which  of 
the  new  strategies  has  contributed  most,  but  both,  described 
in  the  above  sections,  will  be  pursued  in  coming  runs. 


The  creation  and  evolution  of  the  transition  jump  scheme 
has  been  driven  by  high  intensity  proton  operation.  The 
sextupole  correction,  in  combination  with  the  jump  system, 
will  also  be  explored  further,  when  the  AGS  will  be  used  as 
injector  for  RHIC,  because  of  the  desired  low  emittance  for 
collider  operation. 
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Abstract 

Experiments  and  particle-in-cell  (PIC)  simulations  in  con¬ 
nection  with  the  University  of  Maryland  Electron  Ring  [1] 
demonstrate  the  appearance  and  evolution  of  transverse 
space-charge  waves  in  a  space-charge  dominated  electron 
beam.  The  waves  are  observed  regardless  of  the  focusing 
system,  although  the  strength  of  the  focusing  affects  their 
onset  and  evolution.  An  aperture  induces  the  perturbation 
in  the  particle  distribution  in  an  initially  freely-expanding 
beam.  Simulations  show  that  the  effect  of  the  aperture 
can  be  modeled  approximately  by  a  beam  with  an  initially 
semi-Gaussian  particle  distribution  with  a  temperature  pro¬ 
file.  Furthermore,  simple  tracking  of  test  particles  initially 
near  the  aperture’s  edge  reproduce  well  the  onset  of  the 
perturbation.  For  the  parameters  investigated,  simulations 
further  indicate  that  the  perturbation  damps  out  over  a  few 
plasma  periods  without  causing  any  emittance  growth. 

Detailed  understanding  of  the  effects  of  space  charge  in 
the  transport  of  intense  beams  is  important  in  all  areas  of 
research  and  applications  where  beam  quality  is  crucial. 
A  rarely  discussed  aspect  concerns  the  evolution  of  beams 
from  the  source  to  equilibrium,  if  any,  including  the  role 
of  source  errors  or  aberrations,  apertures  and  other  factors 
that  affect  the  initial  particle  distribution  in  phase  space. 
The  initial  density  profile  of  a  beam  has  long  been  recog¬ 
nized  as  an  important  factor  in  determining  its  evolution 
(i.e.,  emittance  growth,  instabilities,  etc.)  [2].  A  less  appre¬ 
ciated  influence  on  the  dynamics  is  the  initial  temperature 
profile  of  the  beam.  For  the  Kapchinskij-Vladimirskij  (K- 
V)  distribution  [3],  Gluckstern  [4,  5]  has  derived  transverse 
kinetic  oscillation  modes  that  involve  an  exchange  between 
the  temperature  and  density  profiles.  However,  since  the 
K-V  distribution  is  highly  idealized,  the  Gluckstern  modes, 
which  can  become  unstable,  have  been  thought  not  to  exist 
for  a  physical  beam.  Using  a  warm-fluid  model,  Lund  and 
Davidson  [6]  have  rederived  the  Gluckstern  modes  and  ex¬ 
tended  them  to  an  arbitrary  equilibrium  distribution.  Fur¬ 
ther,  recent  computer  simulations  by  Lund  et  al.  [7],  re¬ 
lating  to  experiments  at  Lawrence  Berkeley  National  Lab¬ 
oratory,  exhibit  density  oscillations  similar  to  Gluckstern 
modes,  in  a  beam  whose  initial  temperature  or  density  pro- 
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files  are  perturbed.  Despite  the  important  insights  provided 
by  these  studies,  no  clear  connection  has  been  established 
in  either  experiments  or  simulations  between  the  physi¬ 
cal  cause(s)  of  the  initial  beam  perturbation,  the  resulting 
phase-space  distribution,  and  the  long  term  evolution  of 
this  distribution. 

This  paper  [8]  presents  concrete  experimental  evidence, 
augmented  by  self-consistent  particle-in-cell  (PIC)  com¬ 
puter  simulations,  for  the  occurrence  of  wave-like  trans¬ 
verse  density  oscillations  in  an  electron  beam.  The  beam 
is  perturbed  by  an  aperture  near  the  source,  giving  rise  to 
an  initial  distribution  that  is  far  from  equilibrium  around 
the  beam’s  edge.  Two  transport  experiments  over  a  dis¬ 
tance  of  about  one  meter  and  with  similar  overall  focusing 
strengths  (as  given  by  the  zero-current  phase  advance  in  the 
corresponding  matched  beams)  demonstrate  the  onset  and 
evolution  of  the  beam  perturbation. 

Figure  1  shows  the  schematics  of  a  transport  experiment 
with  three  short  solenoids  of  the  type  employed  extensively 
at  Maryland.  The  second  experiment  uses  a  solenoid  and 
five  printed-circuit  (PC)  air-core  quadruples  similar  to  the 
lenses  introduced  recently  for  the  University  of  Maryland 
Electron  Ring  [1]. 


APERTURE  PEARSON  PHOSPHOR  HELMHOLTZ  CCD  CAMERA 


Figure  1 :  Three-solenoid  experiment  setup. 
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(a) 


(b) 


(c) 


(d) 


Figure  2:  Summary  of  experiments  and  simulations:  (a)  three-solenoid  experiment  -  phosphor  screen  pictures  (top), 
and  PIC  simulations  (bottom);  (b)  solenoid-five  PC  quadrupole  experiment  -  phosphor  screen  pictures  (top),  and  PIC 
simulations  (bottom);  (c)  simulation  of  uniform  focusing  case,  where  the  (matched)  beam  size  is  constant  (0.8  cm  in 
radius);  and  (d)  horizontal  projection  of  phase-space  at  (from  left  to  right):  the  beam  waist,  the  upstream  plane  of  the 
aperture  -  the  dashed  lines  indicate  the  0.32  cm  (radius)  aperture  - ,  the  downstream  plane  of  the  aperture;  the  last  two 
plots  correspond  to  the  solenoid-five  quadrupole  case.  The  strengths  of  focusing  elements  in  both  (a)  and  (b)  (top  parts) 
are  adjusted  for  a  zero-current  phase  advance  a0  =  85°  in  the  matched  beams.  In  all  cases,  z=0  is  the  location  of  the 
aperture  plane. 


The  electron  gun,  a  Pierce-type  source,  produces  4  keV, 
175  mA  pulses  (5  y/sjat  a  rate  of  60  Hz.  An  aperture,  6.4 
mm  in  diameter,  is  placed  12.4  cm  from  the  cathode;  the 
aperture  size  is  roughly  1/3  the  full  beam  size  at  that  plane 
and  results  in  an  almost  uniform,  17  mA  beam  entering  the 
transport  pipe.  The  beam  diagnostics  is  a  2.54  cm  (diam¬ 
eter)  phosphor  screen  that  can  be  moved  from  the  aperture 
out  to  a  distance  of  nearly  one  meter.  The  beam  pictures 
are  captured  with  a  charge-coupled  device  (CCD)  camera 
and  then  digitized  and  displayed  using  associated  hardware 
and  software. 

Figures  2(a)-(b),  top  parts,  show  the  fluorescent  screen 
pictures  from  typical  experiments.  The  beam  is  fairly  uni¬ 
form  over  a  distance  of  about  30  cm  downstream  from  the 
aperture;  the  density  perturbation  is  first  seen  in  the  form 
of  a  bright  ring  roughly  10  cm  from  the  first  beam  waist  in 
the  three-solenoid  case 


[Fig.  2(a)],  and  near  the  plane  between  quadrupoles  2  and 
3  in  the  solenoid-quad  lattice,  also  about  45  cm  from  the 
aperture  [Fig.  2(b)].  Further  downstream,  the  ring  moves 
inwards  relative  to  the  beam’s  edge,  and  a  second  ring 
emerges  around  85  cm  from  the  aperture.  To  aid  in  under¬ 
standing  the  experiment,  we  have  conducted  2-D  and  3-D 
PIC  simulations  using  the  code  WARP  [9].  Details  of  the 
numerics  and  modeling  of  focusing  elements  are  described 
thoroughly  elsewhere  in  connection  with  simulations  of  the 
Maryland  Electron  Ring  [10]  and  prototype  injector  exper¬ 
iments  [11],  As  is  evident  from  Figs.  2(a)-(b)  (bottom), 
the  rings  are  also  observed  in  the  simulations,  and  agree¬ 
ment  between  the  simulation  and  the  experiment  is  good, 
although  a  difference  in  the  phase  of  the  perturbation  is 
seen. 

The  simulations  especially  address  the  role  of  initial  con¬ 
ditions.  The  phase  of  the  perturbation  is  sensitive  to  the 
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temperature  profile,  so  starting  the  simulations  at  the  beam 
waist  upstream  from  the  aperture  [Figure  2(d)],  and  fully 
modeling  the  latter,  yields  the  best  agreement  with  exper¬ 
iment.  Alternatively,  a  semi-Gaussian  distribution  with  a 
parabolic  temperature  profile  right  after  the  aperture  pro¬ 
duces  similar  results. 

We  gain  additional  insights  for  understanding  the  density 
perturbation  when  we  replace  the  truncated  distribution  in 
the  simulation  with  an  rms  equivalent  equilibrium  distribu¬ 
tion,  such  as  a  K-V.  In  that  case,  no  rings  appear  whatso¬ 
ever,  and  the  beam  distribution  remains  K-V  for  the  rest 
of  the  channel.  This  leads  us  to  believe  that  the  wave-like 
perturbation  is  the  result  of  a  large  force  imbalance  or  lack 
of  equilibrium  in  a  sheath  at  the  beam  edge,  right  after  the 
aperture.  As  seen  in  Fig.  2(d),  middle  plot,  the  phase  space 
is  trapezoidal  and  tilted,  with  anomalous  particle  popula¬ 
tions  with  relatively  large  velocities  near  the  beam  edge.  In 
addition,  the  distribution  lacks  the  spatial  tails  of  an  equi¬ 
librium  thermal  distribution  (Maxwell-Boltzman),  which 
are  of  the  order  of  a  Debye  length  [12].  In  our  case,  the 
Debye  length  is  0.74  mm,  which  is  non-negligible  when 
compared  to  the  beam  radius  near  (and  downstream  of)  the 
aperture,  so  the  fraction  of  “missing”  particles  in  a  sheath 
one  Debye  length  is  significant.  In  summary,  the  truncated 
distribution  is  not  only  a  non-equilibrium  distribution,  but 
also  one  where  the  departure  from  equilibrium  is  confined 
to  the  beam  edge.  As  a  consequence,  the  beam  edge  par¬ 
ticles  experience  space-charge  forces  that  are  very  differ¬ 
ent  from  those  affecting  the  particles  in  the  bulk  of  the 
beam.  The  resulting  beam  evolution  in  simulations  of  the 
solenoid-quadrupole  case  can  be  seen  in  the  last  two  phase- 
space  plots  of  Fig.  2(d). 

Tracking  of  test  particles  moving  near  a  model  K-V 
beam  (i.e.  assuming  the  space  charge  forces  arise  from  a 
uniform  density  beam  with  a  sharp  edge)  reproduces  cor¬ 
rectly  the  onset  of  the  perturbation  in  all  experiments.  In 
the  model,  test  particles  leave  the  beam  near  the  edge  of 
the  aperture  and  are  focused  back  into  the  beam.  These 
results  suggest  that  an  electron  flow  component  exists  that 
explains  the  appearance  of  the  first  ring;  the  second  ring, 
however,  is  most  likely  the  result  of  a  perturbation  induced 
by  the  initial  flow. 

Finally,  to  examine  the  long  term  evolution  of  the  beam, 
simulations  were  done  in  a  uniform  focusing  channel  over 
a  distance  of  20  m.  The  simulations  are  a  “smooth  approx¬ 
imation”  version  of  the  three-solenoid  case,  i.e.  the  beam 
has  the  same  generalized  perveance,  and  it’s  matched  so 
its  radius  is  constant,  comparable  to  the  average  beam  size 
in  the  experiments.  As  seen  in  Figure  2(c),  the  perturba¬ 
tion  appears  at  a  distance  of  about  70  cm  from  the  aper¬ 
ture,  and  the  oscillations  persist  for  a  few  plasma  periods 
(A p  ~  1  m  in  this  case)  and  eventually  diminish  in  ampli¬ 
tude  as  the  beam  evolves  into  equilibrium.  Over  the  extent 
of  the  simulations,  we  observe  no  emittance  growth  associ¬ 
ated  with  the  perturbation,  unlike  other  relaxation  mecha¬ 
nisms  [12],  Instead,  the  emittance  oscillates  slightly  about 
its  initial  value,  then  levels  off  as  the  perturbation  damps 


out. 

Since  collimation  is  used  in  many  systems,  the  phe¬ 
nomenon  described  here  may  be  fairly  universal  and  worth 
of  additional  studies.  First,  a  wider  range  of  parameters 
and  conditions  (generalized  perveance,  emittance,  aperture 
size  and  location,  external  focusing,  etc.)  in  both  experi¬ 
ment  and  simulations  has  to  be  explored  to  answer  impor¬ 
tant  questions  about  scaling,  stability  of  the  oscillations  and 
emittance  growth.  Secondly,  the  suggestion  that  the  collec¬ 
tive  phenomena  involves  two  components  must  be  further 
studied  to  understand  the  extent  of  the  particle-flow  com¬ 
ponent  and  how  it  gives  rise  to  a  transverse  wave. 
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Abstract 

The  interest  in  short  bunches  in  many  accelerator  applica¬ 
tions  requires  good  understanding  of  the  high  frequency 
behavior  of  the  interaction  between  the  beam  and  its  en¬ 
vironment.  In  this  paper  we  report  an  analytic  calculation 
for  the  high  frequency  limit  of  the  transverse  impedance  for 
both  a  single  and  periodic  array  of  cavities  in  a  beam  pipe. 


1  INTRODUCTION 

The  acceleration  of  charged  particles  in  periodic  structures 
leads  to  wakefields  which  are  capable  of  interacting  ad¬ 
versely  with  particles  in  the  same  bunch,  or  in  following 
bunches.  The  conventional  method  of  describing  these 
limitations  in  the  current  that  can  be  accelerated  involves 
the  longitudinal  and  transverse  coupling  impedances  of  the 
structure.  With  the  increasing  use  of  short  bunches,  it  be¬ 
comes  necessary  to  evaluate  these  coupling  impedances  at 
high  frequencies  (wavelength  of  the  order  of  the  bunch 
length).  This  has  been  done  for  the  longitudinal  impedance 
of  small  periodic  obstacles  in  an  azimuthally  symmetric 
structure  [1],  where  we  have  derived  an  integral  equation 
for  the  axial  electric  field  at  the  inner  bore  radius.  In  this 
paper  we  address  the  corresponding  problem  for  the  trans¬ 
verse  coupling  impedance  at  high  frequency.  In  particu¬ 
lar,  we  first  derive  the  integral  equation  for  the  electric 
field  at  the  bore  radius  of  the  structure  and  obtain  the  re¬ 
sult  for  the  transverse  impedance  of  a  single  small  obsta¬ 
cle  at  high  frequency  by  way  of  the  high  frequency  limit 
of  the  kernels.  The  problem  is  more  complicated  than  it 
was  for  the  longitudinal  impedance,  since  both  TM  and 
TE  waveguide  modes  are  present,  which  requires  match¬ 
ing  two  components  of  the  magnetic  field  at  the  boundary 
between  the  waveguide  and  the  obstacle.  As  we  shall  even¬ 
tually  see,  however,  in  the  high  frequency  limit,  the  TM 
contribution  dominates  for  a  single  obstacle,  but  the  TE 
contributions  must  be  included  in  the  periodic  case.  Never¬ 
theless,  we  find  the  same  relation  between  the  longitudinal 
and  transverse  impedances  as  exists  for  the  resistive  wall 
impedances  of  a  beam  pipe. 

We  now  consider  a  point  charge  Q  traveling  in  the  z- 
direction  at  (x,  y)  =  (Ax,  0).  We  start  with  the  definition 
of  the  x  component  of  the  transverse  coupling  impedance 


as  a  function  of  k  =  u/c.  In  the  limit  of  small  Ax  we  have 

Zx(k)  =  1°°  dze*kz[Ex{z-,k) 

-  Z0Hy{z;k)  lx=0  (1) 

J  y=0 


in  units  of  [f l/m]  (of  transverse  displacement).  Here  Zo  = 
VVo/eo  =  12077  [Q]  is  the  impedance  of  free  space.  We 
then  use 


dEx 

dz 


dEz 

dx 


—  jkZaHy 


(2) 


to  obtain  the  alternate  expression  [2]: 


Zx{k)  =  - 


QAxk 


L 


dzejk 


dEz 


dx 


re— 0,y=0 


(3) 


where  we  use  the  time  dependence  exp(jut). 

The  general  technique  consists  of  expanding  fields  in 
both  the  pipe  (r  <  a)  and  cavity  (a  <  r  <  b)  regions 
into  a  complete  set  of  functions.  At  the  common  interface 
(shown  on  Fig.  1)  the  fields  have  to  be  matched,  yielding 
equations  for  the  expansion  coefficients. 


2  INTEGRAL  EQUATIONS  AND 
SOLUTION  FOR  IMPEDANCE 


‘Work  supported  by  the  U.S.  Department  of  Energy 
t  fedotov@physics.umd.edu 


We  first  consider  a  single  cavity  of  radius  b  and  axial  length 
g.  Matching  of  the  azimuthal  and  longitudinal  components 
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of  the  magnetic  field  at  the  pipe  radius  r  =  aforO  <  z  <  g 
(see  Fig.  1),  leads  to  the  integral  equations 

1  =  [  dz'[Vn(z,z')  +  Qu(z,z')]ez(z') 

Jo 

+  f  dz'Qi2(z,z')eg(z'),  (4) 

Jo 

0  =  f  dz'Q2i{z,z')ez(z') 

Jo 

+  [dz'Q22{z,z')^l,  (5) 

where 

V(z,z')  =  Vp(z-z,)  +  Pc(z,z'),  (6) 

Q(z,z')  =  Qp(z-z')  +  Qc(z,z'),  (7) 

and  Q22(z,z')  =  -  f  dz'Q22(z,  z').  In  Eqs.  (4)  and  (5) 
we  defined 


Ez(z)  =  9^1e-Jkzez{z) 

(8) 

7TGT 

Eg(z)  =  9^1e-^eg(z). 
tv  az 

(9) 

The  kernels  denoted  by  V(u)  come  from  TM  modes  and 
those  denoted  by  Q(u)  come  from  TE  modes.  We  use  the 
superscript  p  for  the  pipe  kernels  and  the  superscript  c  for 
the  cavity  kernels. 

Our  next  task  is  to  compute  the  high  frequency  (large  k) 
limit  for  the  kernels  after  averaging  over  fast  oscillations. 
The  details  are  contained  in  [3].  All  kernels  vanish  for  u  = 
z  —  z'  <  0.  For  u  >  0  the  leading  terms  in  the  high  k  limit 
are: 

+  Q\M  =  vim  +  QIM 

=  -(l+j)Vk/Mu),  (10) 

2l2(u)  =  Q2I  (u)  =  QCM  =  Q2l(u) 

=  (1  —  j)  /  V  4a2irhu,  (11) 

Qg2(u)  =  622 (u)  -  (!  ~j)/Virku.  (12) 

Remarkably,  the  corresponding  pipe  and  cavity  kernels  are 
identical  for  large  k  after  smoothing.  The  same  situation 
prevailed  in  our  earlier  calculation  for  the  smoothed  longi¬ 
tudinal  coupling  impedance  at  high  frequency  for  a  single 
obstacle  with  only  TM  modes  being  considered  [1].  Thus 
the  integral  equations  become: 


1  ~  j  fz  dz'ez(z') 
ay/rvk  Jo  y/z  —  z' 

2(1—  j)  J~z  dz'  deg 

yfiv k  Jo  y/z  -  z'  dz' 


From  Eq.  (14)  we  see  that,  for  large  k, 

ez(z')  =  -2a^.  (15) 

The  term  involving  eg(z')  in  Eq.  (13)  is  therefore  of  order 
1  /(ka)  compared  with  the  term  in  ez(z’)  and  can  conse¬ 
quently  be  neglected.  The  solution  for  e2(z')  is  then  [4): 


ez(z')  S*  - 


(1  ~  j) 

2y/rrkz’ 


In  order  to  obtain  the  impedance,  defined  in  Eq.  (3),  we  use 
the  equation  for  the  axial  electric  field  in  the  pipe  region 


/OO 

dqA(q) 

■OO 


Ji  ( Ka ) 


to  show  that 


k  dqA{q) 


r°°  k  dqA( 

r=0  J -oo  2  Ji(ki 


Here  k2  =  k2  -  q2  and  the  contour  in  the  complex  q 
plane  goes  below  the  poles  at  J\  (na)  =  0  (TM  propagating 
modes)  on  the  negative  q  axis  and  above  the  poles  on  the 
positive  q  axis.  Equation  (3)  then  becomes 

z  (m  _ _ l_  r KdqA ^  r  dze^-ti*  d9) 

Zx{k)  QAxk  J-oo  2 Mna)  J_JZ&  '  (  9) 

The  integral  over  z  in  Eq.  (19)  is  2ir5(q  —  k),  leading  to 


Zx(k) 


2nA(k)  _ 
QAxka  QA 


V  F dzEz{z)eJkz .  (20) 

xka  Jo 


Finally,  by  using  Eqs.  (8)  and  (16)  in  Eq.  (20),  we  find 


z*(k)  -1 


Zq  nka 3 


l  dz'e^zJ~  a3J  y  Jk3-  (21) 


We  note  that  the  high  frequency  dependence  of  the  trans¬ 
verse  impedance  for  a  single  cavity  arises  essentially  from 
the  TM  cavity  and  pipe  kernels.  Furthermore,  we  see  that 

Zo  ~  ka 2  Zo  ’  (  ’ 


where  Z\\  (k)  is  the  high  frequency  limit  for  the  longitudinal 
impedance  of  a  single  cavity  [1],  a  relation  which  also  ap¬ 
plies  to  a  lossy  beam  pipe  [5].  In  fact,  in  the  high-frequency 
limit  for  a  single  cavity,  simple  arguments  of  diffraction 
theory  can  be  used  to  obtain  the  same  factor  2 /(ka2)  as 
in  Eq.  (22)  [6],  Here  we  used  a  more  rigorous  treatment 
and  showed  that  TE  modes  give  only  next  order  frequency 
corrections,  ensuring  that  only  TM  modes  will  govern  the 
high-frequency  behavior  of  the  transverse  impedance  of  a 
single  cavity  and  providing  the  factor  2 /(ka2). 
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3  PERIODIC  ARRAY  OF  CAVITIES 

We  are  now  ready  to  extend  the  calculation  of  the  trans¬ 
verse  impedance  to  a  periodic  array  of  identical  cavities. 
In  the  geometry  of  the  system  considered,  g  is  the  length 
of  each  cavity  and  L  is  the  axial  distance  (center  to  center) 
between  two  adjacent  cavities. 

We  obtain  the  integral  equations  satisfied  by  the  fields 
using  the  same  steps  as  we  followed  for  the  case  of  a  sin¬ 
gle  cavity.  The  only  difference  is  that  in  doing  the  field 
matching  in  each  cavity  one  has  to  take  into  account  the 
contributions  to  the  fields  coming  from  all  the  other  cavi¬ 
ties.  These  contributions  determine  the  appearence  of  the 
coupling  kernels  in  the  integral  equations.  As  for  the  case 
of  a  single  cavity  we  find  that  in  the  high  frequency  limit  we 
can  reduce  the  original  system  of  two  integral  equations  to 
a  single  equation  for  the  unknown  axial  component  of  the 
electric  field  ez.  This  integral  equation  has  the  same  form 
as  the  one  in  the  calculation  of  the  longitudinal  impedance 

[1].  Therefore,  for  the  transverse  impedance  of  a  periodic 
structure  at  high  frequency  we  finally  obtain  [3]: 

Zx(g/L)  =  ~j~2Z\\  (g/L)-  (23) 

The  problem  is  then  reduced  to  calculating  Z\\  from  the  so¬ 
lution  of  the  integral  equation  for  ez.  Although  it  was  not 
explicitly  stated  in  the  paper,  the  final  form  for  the  integral 
equation  in  [1]  was  correct  only  in  the  limit  g/L  <C  1,  be¬ 
cause  of  the  way  the  coupling  kernels  were  approximated. 
Recently,  Yokoya  [7]  pointed  out  that  one  can  treat  the  case 
of  a  general  g/L  by  retaining  an  extra  term  of  order  k~1/2 
compared  with  the  coupling  kernel  [1],  The  resulting  inte¬ 
gral  equation  can  be  approximately  solved  [3],  [7]  with  the 
following  result  for  the  impedance  per  period  Z\\(g/L): 

,  (24) 

with 

A(£)  S  1  +  ^0^1/2  _  ^i^3/2  +  13q2c5/2 
TT  S  37T  45tt  s 

+  I ^e-0((7/2),  (25) 

where  a0  -  C(l/2),  ax  =  C(3/2)/2,  a2  =  3C(5/2)/8, 
and  C  denotes  the  Riemann  zeta  function.  In  the  limit  g  -C 
L  we  have  A  =  1,  and  one  recovers  our  earlier  expression 
for  the  longitudinal  impedance  [1].  In  the  case  g/L  =  1  it 
is  possible  to  obtain  an  exact  analytic  result,  using  diffrac¬ 
tion  theory,  as  was  shown  by  Stupakov  [8].  In  our  notation 
Stupakov’s  result  is  A(l)  =  —(,(1/2) /it  =  0.464845  [8], 
in  agreement  with  Yokoya’s  numerical  solution  [7], 
Equations  (23)-(25)  provide  an  analytic  description  of 
the  transverse  and  longitudinal  impedance  at  high  fre¬ 
quency  for  an  infinite  array  of  periodic  cavities.  These 
expressions  are  valid  when  NL  ka2,  where  N  is  the 
number  of  cavities.  For  ka2/L  >  N  »  1  there  is  a  tran¬ 
sition  to  the  result  valid  for  a  finite  number  of  cavities,  and 


£lL  =  -jL 

Zo  Ttka2 


one  needs  to  use  a  different  expression  for  the  longitudinal 
impedance  [9], 


4  SUMMARY 

In  this  paper  we  address  the  question  of  the  transverse  cou¬ 
pling  impedance  at  high  frequency.  The  problem  is  more 
complicated  than  for  the  longitudinal  impedance,  since 
both  TM  and  TE  waveguide  modes  are  present,  which  re¬ 
quires  matching  two  components  of  the  magnetic  field  at 
the  boundary  between  the  waveguide  and  the  obstacle.  We 
show  that,  in  the  high  frequency  limit,  the  TM  contribution 
dominates  for  a  single  obstacle,  while  the  TE  contribution 
must  be  included  in  the  periodic  case.  Nevertheless,  we 
find  the  same  relation  between  the  longitudinal  and  trans¬ 
verse  impedances  as  exists  for  the  resistive  wall  impedance 
of  a  beam  pipe.  Validity  of  the  factor  2/(ka2)  between  the 
longitudinal  and  transverse  impedances  allows  simple  esti¬ 
mates  of  the  transverse  impedance  at  high  frequency. 
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Abstract  where  the  Hamiltonian  is 


Beam  halo  formation  issues  are  important  for  the  design  of 
high  current  linear  ion  accelerators.  Various  mechanisms 
can  potentially  cause  beam  halo.  Some  recent  studies  have 
suggested  that  Coulomb  collisions  in  the  beam  bunch  can 
contribute  significantly  to  beam  bunch  growth  and  halo  de¬ 
velopment  in  linear  accelerators.  Despite  the  general  belief 
that  collisions  are  not  important,  it  is  clear  that  a  rigorous 
treatment  of  this  question  is  needed.  In  an  effort  to  ex¬ 
plore  this  issue  in  detail  we  have  undertaken  an  analysis  of 
the  effects  of  Coulomb  scattering  between  ions  in  a  self- 
consistent  spherical  bunch. 


H(r,  v)  =  mv2/ 2  +  kr2/ 2  +  e$sc(r),  (2) 

and  use 

G(r)  =H0-  kr2/ 2  -  e$sc(r),  (3) 

with  k  being  the  smoothed  restoring  force  gradient.  We 
choose  the  space  charge  potential  $sc(r)  which  vanishes  at 
r  =  oc,  Hq  is  a  constant,  the  external  forces  are  linear,  and 
f(r,  v)  is  normalized  such  that 

p(r)  =  Q  J  dvf(r,  v)  ,  J  drp(r)  =  Q,  (4) 


1  INTRODUCTION 

During  the  last  several  years,  interest  has  grown  in  the  de¬ 
sign  of  high  current  linear  ion  accelerators  for  a  variety  of 
important  applications.  Since  the  beam  bunch  spends  a 
very  short  time  in  a  linac,  compared  with  a  circular  ma¬ 
chine  or  a  storage  ring,  the  general  expectation  is  that 
collisions  between  individual  ions  will  take  place  on  too 
long  a  time  scale  to  be  important.  However,  there  have 
been  some  recent  numerical  studies  which  suggested  that 
small  angle  single  Coulomb  scattering  may  not  be  negli¬ 
gible  for  spheroidal  bunches  in  a  linac.  Thus,  the  concern 
has  arisen  with  regard  to  the  possibility  that  Coulomb  col¬ 
lisions  between  ions  may  contribute  significantly  to  emit- 
tance  growth  and/or  halo  formation.  It  is  clear  that,  because 
of  the  importance  of  this  question  for  the  design  of  high 
current  linear  ion  accelerators,  a  more  rigorous  treatment 
of  the  effect  of  single  Coulomb  collisions  is  needed.  In  an 
effort  to  explore  this  issue  in  detail  we  have  undertaken  an 
analysis  of  the  effects  of  Coulomb  scattering  between  ions 
in  a  self-consistent  [1]  spherical  bunch. 


2  GENERAL  CONSIDERATIONS 

Our  quantitative  study  of  non-stationary  distributions  [2] 
shows  that  the  parameters  of  halo  formation  are  more  or 
less  the  same  as  those  caused  by  mismatches  of  an  other¬ 
wise  self-consistent  phase  space  distribution. 

We  therefore  start  with  our  family  of  self-consistent, 
equipartitioned  phase  space  distributions  [1]: 


/<*.)-{  Ni\H) 


H<H0\ 
H>H0  ]' 


(1) 


where  Q  is  the  total  bunch  charge. 

The  probability  per  unit  time  (in  the  coordinate  system 
of  the  bunch)  for  a  Coulomb  collision  between  ions  with 
velocity  uj  and  v2,  is  then 


=  J  dr  J  dvif(r,vi ) 

x  J dv2f{r,v2)\v1  -  v2\dns~,  (5) 


where  da/dQs  is  the  classical  differential  Rutherford  cross 
section. 


3  HALO  EXTENT 

Using  Eqs.  (1)  and  (3)  we  find 

rv° 

p(r)  =  QN  /  4m >2dv[G(r)  —  mv2/ 2]n,  (6) 

Jo 

where  v$  =  2 G(r)/m.  We  then  examine  the  kinematics 
of  the  Coulomb  collision  [3].  Clearly  the  ions  which  travel 
to  the  largest  radius  before  turning  back  are  the  ones  which 
have  the  largest  possible  velocity  at  a  given  r  and  where, 
after  the  collision,  one  is  left  at  rest  and  the  other  travels 
radially  with  all  the  kinetic  energy.  Such  a  collision  can 
only  conserve  energy  and  momentum  when  the  colliding 
ion  velocities  are  at  90°  to  one  another.  With  the  maximum 
velocity  before  the  collision  given  by  mv2/ 2  =  G(r),  the 
maximum  energy  after  the  collision  is 

O 

77??; 

— f*  =  2  G(r).  (7) 

The  maximum  radius  R  then  satisfies 
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where  r  <  a,  R  >  a.  We  then  have 


fc(i*2-a2)  eQ  f  1 

2  47Te0  \a  R)  V  '■ 


We  proceed  further  in  this  analysis  for  n  =  -1/2,  where 


3/c  f  _  ip  (fix) 


io{na) 


47T£o  r2drG(r) 


io(w)  = 


sinh-w 


From  Eq.  (9)  it  is  clear  that  outermost  particles  are  those 
which  start  near  the  bunch  center.  We  then  rewrite  Eq.  (9) 
as 

,  r  12  6  (1  +  c)  i 

u3  +  \-——  +  — i - L-3  u 

L  KCL  s  J 

+  6(1  —  Ka-)/K2a2  +  2  =  0,  (13) 

s 

where  u  =  R/a,  s  =  sinh (««,),  c  =  cosh(fia).  For  large 
na,  Eq.  (13)  can  be  easily  solved,  and  we  obtain 


R  —  a 


a/3-1 
h?  a2 + 15/2 
\/2(a/3-1) 


contribute  to  the  halo  formation  we  need  to  calculate  the 
rate  at  which  this  shell  becomes  populated. 

We  note  that  solutions  given  by  Eqs.  (14)-(15)  can 
be  used  with  good  accuracy  only  for  large  values  of  na 
(na  >  4)  corresponding  to  tune  depressions  rj  <  0.6, 
which  covers  our  range  of  interest  [5].  For  rj  >  0.6  a  better 
solution  of  Eq.  (13)  should  be  used.  For  completeness,  we 
present  below  some  values  based  on  numerical  solution  of 
Eq.  (13).  For  equipartitioned  beam  (x  =  1),  the  shell  ex¬ 
tent  becomes  R/a  =  1.41,  1.37,  1.32,  1.27,  1.22  for  r)  = 
1,  0.9,  0.8,  0.7,  0.6,  respectively.  Similar  values  for  the 
shell  thickness  were  obtained  by  Pichoff  for  the  distribution 
functions  used  [4).  In  fact,  in  the  limit  of  zero  space-charge, 
the  shell  thickness  becomes  independent  of  the  distribution, 
and,  from  Eq.  (8),  is  simply  given  by  R/a  =  y/ 1  +  x2  (see 
also  [4]). 

4  COULOMB  SCATTERING  RATE 

The  heart  of  our  calculation  is  the  evaluation  [3]  of  the  1 1 
dimensional  integral  in  Eq.  (5)  over  the  range  of  r,  Vi, 
V2,  Cts  which  enables  particles  to  leave  the  bunch.  The  de¬ 
tailed  analyses  are  presented  in  [3].  Here  we  just  present 
an  order  of  magnitude  estimate  of  Eq.  (5),  assuming  a 
spherical  bunch  of  radius  a.  We  use  |wi|  l«a|  rsj  v  and 
f  dvf(r,v)  ~  1/a3  and  assume  all  integrals  are  finite  to 
obtain  the  estimate 


firms  —  0.27?7rms,  (14)  where  the  classical  radius  of  the  ion  is  given  by 


where  rjrms  is  an  rms  tune  depression  [3]. 

An  interesting  consequence  of  Eq.  (14)  is  that  the  thick¬ 
ness  of  the  shell  populated  by  the  scattered  ions  decreases 
as  the  beam  becomes  more  space  charge  dominated.  We 
remind  the  reader  that  Eq.  (14)  was  obtained  for  the  self- 
consistent  equipartitioned  distribution  with  n  =  — 1/2.  In 
his  report  [4]  on  numerical  studies  for  distributions  which 
were  not  self-consistent,  Pichoff  observed  a  similar  depen¬ 
dence  on  tune  depression. 

At  first  glance  this  thin  shell  does  not  resemble  our  ear¬ 
lier  description  of  a  halo  [1,2].  However,  the  shell  thick¬ 
ness  given  by  Eq.  (14)  was  obtained  for  an  equipartitioned 
beam.  We  now  use  Pichoff ’s  definition  of  the  equipartition- 
ing  factor  \  =  vz/vx.  The  maximum  possible  velocity  af¬ 
ter  the  collision  can  be  rewritten  as  m^ax/ 2  =  (l  +  x2)G, 
and  we  obtain  for  the  shell  thickness 

R-a  _  y/TT2^-l 
— “  — (l5) 

Clearly,  when  the  beam  is  non-equipartitioned  or  the  beam 
with  the  stationary  distribution  is  rms  mismatched,  the 
thickness  of  the  shell  can  be  significantly  larger,  depend¬ 
ing  on  the  equipartitioning  factor.  Such  an  increased  shell 
thickness  can  then  easily  resemble  the  typical  halo  extent 
[1,2].  Thus,  in  order  to  understand  whether  scattering  can 


'p  —  n 

47teo  mcz 

and  where  the  (projected)  normalized  emittance  of  the 
bunch  is 

cat  —  av/c.  (18) 

For  a  proton  bunch  with  rp  =  1.5  x  10-18  [m]  and  e/v  ~ 
1  x  10-6  [mrad],Eq.  (16)  yields 
dP 

—  ~  10_15/km,  (19) 

clearly  negligible  for  a  linac. 

The  problem  with  the  foregoing  estimate  is  that  it  ignores 
the  divergence  of  the  Coulomb  cross  section  at  6S  =  0,  as 
well  as  the  possible  divergence  of  the  distribution  f(r,v) 
near  mv2/ 2  =  G(r)  for  values  of  n  <  0  in  Eq.  (1).  We 
address  these  issues  and  present  evaluation  of  the  1 1  di¬ 
mensional  integral  given  by  Eq.  (5)  in  [3]. 

After  rigorous  calculation  [3]  we  finally  find  that  the 
fraction  of  ions  which  leave  the  beam  (and  form  a  spher¬ 
ical  layer  around  the  bunch)  per  unit  length  is 


r2P/e% 

(rp/ e%)tn{e2N /rpa) 

(rp/eAr)(eAr/T'pa)n 


n  >  0 


—  1  <  n  <  0 
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where,  for  the  distributions  with  0  >  n  >  -1,  we  assume 
that  the  Coulomb  force  between  ions  is  screened  at  the  De¬ 
bye  length  Ad.  Using  rp  =  1.5  x  10-18  [m],  €jv  =  10~6 
[m  rad]  and  a  =  10~2  [m],  we  then  have 


'  10-15/km  ,  n  >  0 
dP  ^  10_14/km  ,  n  =  0 
cdt  10_11/km  ,  n  =  —.5 
10_8/km  ,  n  =  —.9 


(21) 


5  EFFECT  OF  MULTIPLE  COLLISIONS 

The  shortcoming  of  the  approach  in  Section  4  is  that  it 
does  not  take  into  account  the  effect  of  a  large  number  of 
small  scattering  angle  Coulomb  collisions.  For  this  purpose 
we  also  examine  the  evolution  of  the  phase  space  distribu¬ 
tion  in  time  due  to  Coulomb  collisions  by  starting  with  the 
Boltzmann  equation  for  an  otherwise  equipartitioned  beam 
bunch.  For  our  self-consistent  distribution,  the  Boltzmann 
equation,  which  accounts  for  the  scattering  of  particles  into 
and  out  of  regions  of  velocity  space,  can  be  written  as 


6  SUMMARY  AND  CONCLUSIONS 

In  Sections  3-4  we  have  calculated  the  effect  of  single 
Coulomb  scattering  of  a  self-consistent  6-D  distribution  for 
a  spherical  beam  bunch.  In  this  calculation  we  find: 

•  Single  collisions  are  capable  of  populating  a  thin 
spherical  shell  around  the  beam  bunch. 

•  When  the  beam  is  non-equipartitioned  or  the  beam 
with  the  stationary  distribution  is  rms  mismatched,  the 
thickness  of  the  shell  can  be  significantly  larger,  de¬ 
pending  on  the  equipartitioning  factor. 

•  For  the  relatively  singular  distribution  with  n  = 
—1/2,  a  bunch  with  a  normalized  emittance  eyv  ~ 
10-6  [m  rad]  and  a  radius  of  1  [cm]  will  populate 
the  shell  with  a  probability  of  10“ 11  per  kilometer  of 
linac. 

•  For  distributions  with  n  >  0,  this  rate  of  population  is 
further  reduced  by  a  factor  10-4. 


d/(tt  l) 

dt 

dCl. 

da 
dfls 


I 


Kno  J du2\ui  -  u2\ 


da 

dQs 


(u[,u'2  -»  ui,u2)f(u'1)f(u,2) 


(wi,n2  ->  u[,u'2)f(ui)f(u2) 


(22) 


Here  no  is  the  ion  particle  density,  and  da/dSls  is  the 
Coulomb  scattering  cross  section  for  the  initial  and  final 
states.  Apart  from  constants,  which  are  absorbed  in  K, 
f(u)  is  (1  —  u2)71,  where  we  renormalized  all  velocities  as 
v2  —  [2  G(r)/m\u2. 

We  now  calculate  the  rate  of  change  of  (tt2)  and  (uf) 
and  find  [3]  that  d(u2)/dt  =  0  and  that  the  lowest  non¬ 
vanishing  power  occurs  for  d( uf) /dt: 


d(ui) 

dt 


47 r2 

-U -Kn° 


(23) 


It  is  possible  to  calculate  the  rate  of  change  of  the  ex¬ 
pectation  value  of  (1  —  u2)n  for  all  values  of  n,  with  the 
same  result  as  in  Eq.  (23),  except  for  a  numerical  factor  of 
order  1.  In  fact,  the  results  obtained  suggest  the  expected 
rounding  of  the  n  =  0  distribution  near  u  =  1. 

We  therefore  expect  that  multiple  scattering  simply  leads 
to  a  generalization  of  our  previous  result  in  Section  4  with 
logarithmic  behavior: 


where  is  minimum  angle  corresponding  to  Debye 
length  impact  parameter.  If  so,  the  rate  of  scattering  due 
to  multiple  collisions  is  only  slightly  higher  than  the  rate 
for  single  encounters  for  the  distributions  with  n  >  0.  For 
the  same  parameters  as  those  used  in  Section  4  the  rate  be¬ 
comes  clearly  negligible  with  dP/cdt  ~  10_14/km. 


Our  conclusion  is  that  effect  of  single  Coulomb  colli¬ 
sions  on  halo  development  in  high  current  ion  linear  accel¬ 
erators  is  not  important. 

In  Section  5  we  related  our  analysis  to  diffusion  caused 
by  many  small  angle  Coulomb  collisions,  with  the  con¬ 
clusion  that  the  effect  of  multiple  Coulomb  collisions  in 
halo  development  in  high  current  ion  accelerators  is  also 
expected  not  to  be  important. 
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Abstract. 

Numerical  simulation  using  particle-in-cell  codes  is  a 
powerful  tool  in  understanding  the  nonlinear  dynamics  of 
space-charge-dominated  beams.  The  University  of 
Maryland  Electron  Ring  (UMER)  will  explore  the 
transport  of  beams  with  intensity  previously  inaccessible 
to  circular  machines.  The  ring  will  also  function  as  a 
testbed  for  accelerator  codes.  Applications  such  as  heavy 
ion  fusion  and  colliders  require  the  preservation  of  beam 
quality  during  transport  over  large  distances.  This  need 
for  low  beam  emittance  and  small  particle  losses 
constrains  the  design  and  fabrication  of  the  lattice  and  the 
injector.  Furthermore,  the  non-zero  energy  spread  leads 
to  dispersion  in  the  circular  lattice.  Simulations  using  the 
WARP  code  address  these  issues:  the  magnets,  including 
the  fringe  field  nonlinearities,  are  modeled  realistically; 
dispersion  matching  is  attempted;  and  effects  of  lattice 
and  beam  errors  are  examined.  The  simulations  aid  in 
understanding  experimental  results,  such  as  the  transverse 
density  waves  observed  in  the  injector. 

1.  INTRODUCTION 

Many  applications  of  accelerators  are  emerging  that 
require  high  intensities  and  good  beam  quality.  Heavy 
ion  inertial  fusion,  for  example,  requires  transporting  and 
accelerating  a  high  current  beam  and  focusing  it  onto  a 
tiny  spot.  Spallation  neutron  sources  and  high  intensity 
colliders  also  require  good  beam  quality,  although  the 
intensities  needed  may  be  somewhat  lower.  Furthermore, 
most  of  these  applications  involve  some  bending  of  the 
beam,  and  some  can  benefit  from  the  concept  of  a 
recirculator  to  save  space  and  costs.  The  University  of 
Maryland  Electron  Ring  (UMER)  [1],  which  is  currently 
in  its  early  construction  stages,  is  a  scaled  experiment 
designed  to  investigate  the  physics  of  space-charge 
dominated  beams  in  a  circular  geometry.  A  key 
advantage  of  the  project  is  its  low  cost,  through  the  use 
innovative  features  such  as  printed-circuit  magnets  [2] 
and  modularity  in  design. 

With  a  nominal  100  mA  at  10  keV  and  50  mm-mrad 
emittance,  the  UMER  beam  operates  with  a  tune 
depression  (v/v0)  of  0.14,  placing  it  in  an  extremely 
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space-charge-dominated  regime,  especially  for  a  circular 
machine.  The  intensity  of  the  beam  and  the  circular 
geometry  combine  to  generate  complications  such  as 
resonances  and  dispersion.  Mismatches  and  some  lattice 
and  alignment  errors  play  a  bigger  role  as  the  beam 
intensity  increases,  especially  since  the  compact  printed- 
circuit  magnets  introduce  large  fringe  fields  that  may 
degrade  the  beam  quality.  Image  forces  play  a  role  that 
cannot  be  neglected,  especially  since  the  beam  fills  a  large 
cross-section  of  the  pipe.  Finally,  bunch-end  effects  and 
longitudinal  confinement  of  the  intense  beam  in  the  ring 
is  yet  another  complication. 

Self-consistent  computer  simulations  are  necessary 
because  of  the  nonlinear  nature  of  these  effects.  In  the 
ongoing  process  leading  up  to  the  commissioning  of  the 
ring,  the  numerical  simulations  using  the  WARP  code  [3] 
are  benchmarked  against  any  experimental  measurements 
available,  some  of  which  may  be  unexpected.  For 
example,  simulation  has  been  a  successful  tool  in 
understanding  the  radial  density  waves  seen  in  a  prototype 
injector  experiment  [4].  Because  of  its  low  cost  and 
versatility,  UMER  will  provide  a  valuable  testbed  for 
computer  codes  to  be  used  in  designing  larger  machines. 

Since  the  simulation  work  permeates  all  aspects  of  the 
ring  design,  we  have  only  enough  space  to  briefly  address 
a  few  of  the  issues  listed  above,  directing  the  reader  to 
other  publications  for  more  involved  discussions. 

2.  BACKGROUND 

The  nominal  beam  current  is  100  mA  at  10  keV,  resulting 
in  a  generalized  perveance  of  0.0015.  A  nominal 
(unnormalized  4*rms)  emittance  of  50  mm-mrad  and 
nominal  average  beam  radius  of  10.2  mm  (for  a0  =  76°, 
v0  =  7.6)  results  in  a  tune  depression  (v/v0)  of  0.14.  A 
future  phase  is  planned  where  the  beam  is  to  be 
accelerated  to  50  keV.  Moreover,  the  ring  is  designed  to 
run  at  lower  beam  currents,  allowing  us  to  explore  a  wide 
range  of  tunes. 

Figure  1  displays  a  schematic  of  the  ring  lattice,  which 
consists  of  36  FODO  cells  around  the  11.52  m 
circumference  ring.  Each  cell  is  therefore  32.0  cm  long 
and  contains  two  evenly-spaced  printed-circuit 
quadrupoles  [2]  and,  in  between  those,  a  printed-circuit 
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dipole  which  bends  the  beam  by  10°.  The  quadrupole 
gradient  is  about  0.078  Tesla/m,  while  the  bending  dipole 
peak  field  is  about  0.00154  Tesla.  Three  induction  gaps 
used  for  longitudinal  confinement  are  evenly  distributed 
around  the  ring,  while  the  remainder  of  the  spaces  are 
occupied  by  diagnostics  and  pumping  ports. 


Figure  1.  Schematic  of  ring  design  [1], 


In  the  simulations  described  herein,  we  rely  primarily  on 
the  WARP  particle-in-cell  (PIC)  code  [3],  which  has  been 
developed  at  Lawrence  Livermore  National  Laboratory 
(LLNL)  for  heavy  ion  fusion  applications.  An  important 
feature  of  the  WARP  code  is  its  ability  to  efficiently  track 
a  space-charge-dominated  beam  along  bends.  The 
particle  orbits  are  integrated  self-consistently  under  the 
applied  fields  and  the  self-fields.  The  simulations  have 
the  following  characteristics:  (a)  the  magnet 
nonlinearities,  including  those  arising  from  the  fringe 
fields,  are  fully  included;  (b)  the  numerics  have  been 
checked  for  convergence;  and  (c)  although  most 
simulations  were  performed  using  the  2d3v  “slice  model”, 
certain  key  simulation  were  tested  using  the  full  3d  code. 
Ref.  [5]  contains  further  details. 

3.  SIMULATION  RESULTS  AND  DISCUSSION 


3.1  Magnet  nonlinearities 

Despite  large  fringe  fields,  the  printed-circuit  magnets 
were  designed  to  be  linear  when  integrated  parallel  to  the 
magnet  axis.  Simulations  with  the  quadruples  that 
include  the  fringe  fields  exhibit  no  emittance  growth, 


confirming  the  designed  linearity  of  the  integrated  fields 
[5].  Including  the  fringe  fields  of  the  bending  dipoles, 
however,  results  in  some  non-numerical  emittance  growth 
(about  30  %  in  10  turns  or  360  dipoles).  The  question 
arises  as  to  why  the  dipoles,  which  were  also  designed  to 
be  linear  in  the  integrated  sense,  lead  to  more  emittance 
growth  than  the  quadrupoles.  The  difference  is  that  the 
individual  particles  in  the  beam  follow  a  curved  trajectory 
inside  the  dipole,  whereas  the  dipole  fields  were  designed 
to  be  linear  when  integrated  along  z,  the  dipole  axis. 
Extensive  simulations  [partially  discussed  in  ref.  5]  link 
the  observed  growth  in  emittance  to  the  field 
inhomogeneities  seen  by  the  beam  over  its  curved 
trajectory. 

Although  the  emittance  growth  is  relatively  small,  it 
can  become  significant  if  we  wish  to  operate  for  >  25 
turns.  A  remaining  question  currently  being  explored  is 
therefore  whether  a  dipole  redesign  can  alleviate  the  long¬ 
term  emittance  growth  by  minimizing  the  nonlinearities 
integrated  over  the  self-consistent  particle  orbits. 

3.2  Dispersion  Matching 

Since  a  beam,  in  general,  has  a  non-zero  energy  spread, 
propagation  in  bends  leads  to  dispersion,  i.e.,  particles  at 
different  energies  oscillate  around  different  reference 
trajectories.  If  not  explicitly  matched  for  dispersion,  the 
beam  experiences  a  dispersion  mismatch  as  it  enters  the 
ring  from  the  straight  injector,  or  as  it  leaves  it  to  the 
extraction  section.  For  a  space  charge  dominated  beam, 
this  dispersion  mismatch  leads  to  emittance  growth,  as 
confirmed  earlier  by  theory  and  simulation  [5-6] .  It  is 
possible  to  use  the  generalized  envelope  equations 
developed  by  Venturini  and  Reiser  [6]  to  design  a 
matching  section  that  matches  both  the  envelopes  and  the 
dispersion  function  for  a  space-charge-dominated  beam. 
There  remain  questions,  however,  about  the  applicability 
of  the  theory  as  the  beam  attempts  to  relax  to  a  state  of 
equilibrium. 

We  applied  numerical  simulations  with  the  WARP  code 
to  evaluate  the  results  of  employing  dispersion  matching 
at  both  injection  and  extraction.  The  results  are  discussed 
in  ref.  [7]  and  generally  indicate  that  proper  dispersion 
matching  can  help  reduce  the  emittance  growth.  Indeed, 
the  simulations  indicate  that  a  significant  component  of 
the  emittance  growth  from  a  dispersion  mismatch  is 
reversible,  meaning  that  it  can  be  recovered  by  proper 
matching  at  extraction.  However,  dispersion  matching 
using  the  generalized  envelope  equations  becomes  more 
difficult  at  higher  currents  because  relaxation  processes 
develop  earlier  downstream,  and  henceforth  the 
predictions  of  these  equations  depart  from  the  simulation 
results. 

3.3  Errors,  Mismatches  and  Misalignments 

Table  1  is  a  summary  of  the  error  analyses  conducted  so 
far.  The  dipole  nonlinearities  have  been  included  in  the 
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error  studies.  By  themselves,  the  nonlinearities  contribute 
31  %  emittance  growth  over  10  turns.  It  is  clear  that 
reasonable  errors  in  injection  or  mispowering  do  not 
affect  the  emittance  growth  beyond  that.  These  studies 
show  that  as  long  as  the  beam  centroid  remains  confined 
within  1  mm  of  the  pipe  axis,  there  is  negligible  change  in 
the  emittance  growth. 

A  mismatched  beam  experiences  an  additional 
emittance  growth  as  the  free  energy  in  the  beam  is 
converted  to  thermal  energy.  However,  after  10-15  turns 
the  emittance  growth  due  to  the  mismatch  diminishes  as 
the  mismatch  oscillations  damp  out  and  the  beam  reaches 
a  new  equilibrium.  A  glance  at  Table  1  reveals  that  the 
beam  is  very  sensitive  to  errors  from  quadrupole  rotations 
(skew  quads),  thus  imposing  tight  tolerances  on  the 
rotation  angles.  This  subject  is  treated  in  more  detail  in 
ref.  [8], 


Table  1:  Summary  of  multi-particle  error  studies. 


Description 

Error 

Ae/e 

Centroid 

Particle 

Magnitude  (in  10  Turns  Offset  (mm) 

Losses 

No  Errors 

Linear 

- 

8% 

0 

0 

Magnet  Nonlinearities 

Fringe  Fields 

31% 

0.2  mm 

0 

Mismatches 

X 

0.5  mm 

41% 

0 

x  and  -y 

0.5  mm 

46% 

0.1% 

(84%  /  20T) 

Injection  Errors 

within  I  mm  or  4  mrad 

33.5% 

1  mm 

0 

2  mm  or  8  mrad 

45% 

2  mm 

0 

Mispowering 

Dipoles 

Single  Magnet 

1.0% 

38% 

0.3  mm 

0 

Systematic 

-2.5% 

27% 

1  mm 

-5.0% 

38% 

2  mm 

Quadrupoles 

Single  Magnet 

1.0% 

42% 

0 

0.5% 

35.5% 

0 

0.2% 

35% 

0 

Rotation 

Quadrupoles  (random) 

0.1  deg 

40% 

0 

0.2  deg 

60% 

3.4  Other  Issues 

We  have  also  applied  the  code  to  other  situations,  which 
are  described  more  fully  elsewhere.  The  code  has  played 
a  role  in  designing  the  injector  [9],  especially  the  inflector 
bend,  and  in  testing  the  effects  of  the  Panofsky  quad  used 
in  injection  [10],  The  simulations  have  reproduced  radial 
density  waves  observed  in  a  prototype  injector  experiment 
[4],  and  played  a  major  role  in  linking  this  phenomena  to 
the  initial  particle  distribution  at  the  aperture. 


4.  CONCLUSION 

In  this  paper  we  have  touched  upon  the  magnet 
nonlinearities,  dispersion  matching,  and  error  analyses, 
among  others.  In  all  cases,  the  simulation  is  proving  to  be 
a  valuable  tool  in  exploring  complex  physical  phenomena 
that  are  not  easily  tractable  by  analytic  means.  The  future 
plan  of  the  simulation  effort  is  to  move  towards  full  3D 
simulation  in  order  to  (a)  understand  the  end  effects  and 
longitudinal  confinement,  and  (b)  simulate  the  electron 
gun  so  as  to  get  a  better  model  of  the  initial  beam 
distribution.  As  experimental  data  becomes  available  in 
the  forthcoming  commissioning  process  of  UMER,  it  will 
be  interesting  to  compare  with  the  WARP  predictions. 
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Abstract 

PIC-code  simulation  results  are  presented  where  a  space- 
charge-dominated  beam  is  transported  in  a  lattice  with 
quadrupole  rotation  errors.  Two  examples  are  studied  in 
detail:  the  circular  lattice  for  the  University  of  Maryland 
Electron  Ring  (UMER)  and  the  straight  lattice  from  an 
early  design  of  a  proposed  heavy  ion  inertial  fusion  (HIF) 
research  experiment  known  as  the  Integrated  Research 
Experiment  (IRE).  Reasonably  small  errors  have  little 
effect.  However,  the  dependence  on  the  strength  of  the 
errors  is  nearly  quadratic.  Slightly  larger  errors, 
therefore,  can  cause  deterioration  in  beam  quality,  as 
manifest  by  a  large  increase  in  beam  emittance  and 
formation  of  a  halo,  leading  eventually  to  particle  losses. 
The  simulations  are  accompanied  by  the  moment 
equations  for  such  a  system  in  the  presence  of  beam 
acceleration. 

1  INTRODUCTION 

Many  applications,  from  heavy  ion  inertial  fusion  to  high 
energy  colliders,  are  relying  increasingly  on  high 
brightness,  space-charge-dominated,  beams.  To 
maintain  the  brightness  of  the  beam  during  transport,  it 
is  important  to  control  lattice  errors  so  as  to  minimize 
emittance  growth.  Accelerator  lattice  errors  may  give 
rise  to  envelope  mismatches  and  mismatches  provide  a 
source  of  free  energy  which,  if  thermalized,  can  result  in 
emittance  growth  and  hence  brightness  degradation. 
Quadrupole  rotation  errors  are  an  interesting  class  of 
accelerator  element  misalignments,  because  the  two 
transverse  (x  and  y)  equations  of  motion  become  coupled 
at  linear  order  in  the  coordinates. 

We  perform  simulations  using  the  WARP  code  [1]  to 
investigate  emittance  growth  under  the  presence  of 
quadrupole  rotation  errors.  Two  generalized  emittances 
(defined  below)  give  a  measure  of  the  phase  space 
occupied  by  the  beam  and  so  give  a  measure  of  inherent 
beam-quality  that  would  be  ultimately  achievable  after 
compensating  skew  (rotated)  quadrupoles  undo  the 
cumulative  effects  of  small  random  rotation  errors  of  the 
focusing  quadrupoles.  The  simulations  address  issues 
such  as  reversibility  of  emittance  growth,  dependence  on 
space  charge,  role  of  nonlinearities,  periodicity  of  errors, 
and  acceleration.  For  this  paper,  we  will  use  simulations 
performed  on  two  machines:  the  University  of  Maryland 
Electron  Ring  (UMER)  [2]  and  the  Integrated  Research 
Experiment  in  heavy  ion  fusion  (IRE)  [3], 


2  GENERALIZED  EMITTANCE 

When  quadrupole  rotation  errors  are  present,  the  x  and  y 
normalized  emittances  are  not  conserved,  even  for  a 
beam  with  an  initial  Kapchinskij-Vladimirskij  (K-V) 
distribution  with  a  linear  space  charge  force  profile 
propagating  under  linear  external  forces.  However,  if 
the  equations  of  motion  result  from  linear  forces  and  are 
derivable  from  a  Hamiltonian  system,  constants  of  the 
motion  may  be  obtained  analogous  to  the  normalized  x 
and  y  emittances  [4],  Further,  the  K-V  distribution  has 
been  generalized  [5]  to  distributions  in  which  the 
principal  axes  do  not  align  with  the  x  and  y  axes,  and 
moment  equations  have  been  derived  [6]  that  assume  the 
space-charge  profile  remains  linear,  consistent  with  the 
assumption  of  the  KV-like  distribution  of  ref.  [5].  In  ref. 
[6],  a  drifting,  non-relativistic  beam  was  assumed,  and  a 
conservation  constraint  was  derived  that  is  equivalent  to 
the  first  of  the  conservation  constraints  in  ref.  [4]. 

In  this  section,  we  generalize  slightly  the  moment 
equations  of  ref.  [6]  to  include  acceleration,  and  we 
evaluate  both  the  first  and  second  independent 
emittance-like  conservation  constraints  of  ref.  [5],  In  the 
presence  of  non-linearities,  either  from  space-charge  or 
the  external  focusing  field,  the  underlying  assumption  of 
a  linear  force  profile  is  violated,  and  therefore  the 
derived  constraints  will  evolve  (usually  increasing)  along 
the  accelerator.  For  simplicity  we  consider  non- 
relativistic  beams.  We  assume  the  space  charge  force 
can  be  calculated  from  that  of  a  beam  with  elliptical 
symmetry  but  that  is  rotated  with  respect  to  the  z 
(longitudinal)  axis.  Using  the  same  notation  as  ref.  [6] 
the  transverse  (x  and  y)  equations  of  motion  are: 

cfix/dz?  =  Kqxx  x  +  Kqxy  y  +KSXX  (x  "  <x>) 

+  Ksxy  (y  -  <}’>)  -  (d  In  Pz/dz)  x' 
fiy/dz?  -  Kqyy  y  +  Kq  xy  x  +KSyy  (y  -  <y>) 

+  Ksxy(x- <x>) -(din  Pz/dz)y'  (1) 

Here  (3zc  is  the  longitudinal  velocity,  and  K  with  leading 
subscript  q  is  associated  with  external  focusing  from 
quadrupoles  whereas  K  with  leading  subscript  s  result 
from  space  charge  (cf.  ref.  6.) 

As  in  ref.  [6],  we  may  derive  a  set  of  ten  first  order 
equations  for  the  quadratic  moments  of  the  distribution, 
here  generalized  slightly  from  ref.  [6]  to  include 
acceleration  (the  operator  Aabs<ab>-<a><b>): 
dAx2  tdz  =  2Axx' 
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dAxx'  /dz=  Ax’ 2  +KxxAx2  +  KxyAxy  -  (d  In  pz  /  dz)  Axx' 
dAx'2  I  dz  =  2KxxAxx'+2Kxy,Ax'  y  -  2 (d  In  pz  I  dz) Ax'2 
dAy2  /  dz=  2 A yy' 

dAyy' / dz  =  Ay'2 +Kyy Ay2  +  Kxy Axy  -  (d  In  /3,  / dz) Ay y' 

dAy' 2 1  dz-  2  Kyy  Ayy'  +2  K  xyAxy  —2  (d  In  \ 3Z  /  dz)&y 2 
dAxy  /  dz=  Axy'  +Ax!  y 

dAx'  yl  dz=  Ax'  y  +Kxx  Axy  +  Kxy Ay2  —  (<ilnj3z  /  zfe)Ax'  y 
dAxy'Idz  =  Ax'  y'+KyyAxy  +  K^.Ax2  ~(d  In  j8z  ldz)Axy' 
dAx  y  !  dz  =  KxxAxy'  +KxyAyy  +KyyAx  >■+  Kxy Axx 

-2(d\npz  /  dz)Ax'  y  (2) 

Here  Kxx=K^xx+KSXXt  Kxy— vy + Ksxy ^  and  ~Kqyy+Ksyy 
Using  the  procedures  in  ref.  [4]  we  obtain  the  following 
invariants  which  we  denote  as 

£ng  =  j  (£nx  +  e2y )  + 1 6/3 2  (AxyAx'  y'-Axy'  Ax'  y) 

elk  =  (d4  +(m\[AxyA>!  y  f  +  [Axy'  Ax'  y]2 
-Ax2Ay2[Ax’  y  ]2  -  Ax2Ay2  [Ax’  y]2 
-Ax' 2  Ay2 [Axy'  f  -  Ax’ 2  Ay'2  [Axy]2 
-2  Axy  Axy  Ax’  yAx'  y’  +2Axx'  Ay  2  AxyAx!  y 
-2  Axx'  Ayy'  AxyAx'  y'  -2  Axx'  Ayy  Axy  Ax’  y 
+2  Ax’ 2  Ayy  AxyAxy  +2  Ax2  Ayy  Ax’  yAx’  y 
+  2Acx'Ay2Ax’y'Axy'))1/2  (3) 

Here,  g2*  ==16)32(Ax2Ax,2-[Axx']2)  and 

e2y  s  16/3 2 (Ay 2 Ay'2 -[Ayy']2)  are  the  squares  of  the 
usual  x  and  y  normalized  emittances.  Note  that  the 
square  of  the  generalized  emittances  eng  and  £„h  reduce 
to  the  arithmetic  and  geometric  mean  of  enx  and  £„y, 
respectively,  in  the  absence  of  cross-correlations  (i.e. 
Axy=Ax’  y=Axy  =Ax”  y'  =0),  and  so  form  two 
independent  quantities. 

3  SIMULATIONS 

Of  particular  interest  is  the  response  of  actual  machines, 
such  as  UMER  and  the  IRE,  to  quadrupole  rotation 
errors.  Early  injector  experiments  at  the  University  of 
Maryland,  for  example,  indicated  a  high  sensitivity  to 
quadrupole  rotations.  UMER  is  a  circular  machine 
consisting  of  36  FODO  cells  and  36  bending  dipoles. 
The  nominal  operating  point  of  10  keV  and  100  mA 
results  in  a  generalized  perveance  of  0.0015.  With  a 
normalized  emittance,  £„*  of  10  mm-mrad,  this  places  the 
beam  in  the  highly  space-charge-dominated  regime,  with 
a  tune-depression  (v/v0)  of  0.14.  The  average  beam  size 
is  about  1.0  cm.  For  the  moment,  we  have  explored  only 
the  case  of  a  drifting  beam.  The  IRE  on  the  other  hand  is 
an  induction  linac.  A  number  of  K+  ion  beams  are 
injected  at  1.6  MeV  into  a  strong-focusing  lattice  and 
then  accelerated  in  parallel  to  200  MeV.  The  generalized 
perveance  at  injection  is  similar  to  that  of  UMER 


(0.0015).  The  quantity  e„x  is  1.0  mm-mrad,  placing  it 
further  than  UMER  in  the  space-charge-dominated 
regime.  The  average  beam  size  is  1.5  cm.  Please  see 
refs.  [2-3]  for  further  detail.  For  the  simulations,  we  used 
the  2d3v  version  of  WARP,  with  a  resolution  of  256  cells 
across  the  beam  pipe  (-125  cells  across  the  beam).  In 
most  cases  we  ran  with  20,000  particles,  and  Gaussian 
filtering  to  reduce  numerical  collisions.  We  chose  a 
semi-gaussian  initial  distribution  in  most  cases  so  as  to 
model  a  physical  beam,  although  we  occasionally  used  a 
K-V  distribution  to  compare  against  the  theory. 


Eg,  Generalized  Emittance  (normalized) 


S  l  m ) 

Figure  1:  e„g  along  10  turns  in  UMER;  low  current 
(lower);  nominal  current,  straight  (upper)  and  periodic 
(middle  curve). 

The  simplest  cases  simulated  are  those  of  a  drifting 
beam  in  a  straight  lattice  with  linear  magnets.  To  isolate 
the  effect  of  space  charge,  we  compared  our  simulation  to 
an  equivalent  emittance-dominated  beam  obtained  by 
reducing  the  current  and  increasing  the  emittance  to 
maintain  the  same  beam  size,  while  keeping  the  external 
forces  unchanged.  To  both  cases,  we  applied  the  same 
random  distribution  of  errors,  with  an  rms  width  of  0.2° 
(~  4  mrad).  As  shown  in  the  bottom  curve  in  Fig.  1 ,  the 
low-current  beam  exhibited  almost  no  growth  in  the 
generalized  emittance.  The  x  and  y  rms  emittances 
oscillated  about  their  initial  values.  The  beam  rotation 
angle  performs  a  random  walk  yet  remains  constrained 
within  3°  (rms)  from  upright.  Increasing  the  space 
charge  to  the  nominal  parameters  of  UMER  results  in 
markedly  different  behavior.  The  beam  responds  to  the 
same  set  of  errors  by  “wobbling”  more  violently,  with  the 
beam  rotation  angle  exceeding  5°  and  continuing  to 
increase  in  amplitude  of  oscillation.  These  large  rotation 
angles  translate  into  rms  mismatches  in  x  and  y,  with 
associated  growth  of  the  generalized  [top  curve  of  Fig.  1], 
The  rate  of  growth  is  slow  initially,  but  experiences  a 
sudden  boost  as  a  halo  forms,  then  levels  off  as  the  beam- 
halo  system  reaches  a  new  equilibrium. 
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A  drifting  beam  in  a  ring  (as  in  UMER)  experiences 
random  errors  that  repeat  periodically  every  turn.  This 
periodicity  could  introduce  resonances  that  will  further 
degrade  the  beam.  Imposing  this  periodicity  on  our 
UMER  simulation,  however,  resulted  in  remarkably 
different  behavior.  The  periodicity  of  the  errors  imposes 
a  periodicity  on  the  beam  rotation  angle,  preventing  it 
from  growing  uncontrollably.  Thus  the  rms  mismatch  in 
our  case  does  not  grow  to  a  sufficient  level  to  induce  a 
halo.  Therefore,  the  generalized  emittance  [middle 
curve.  Fig.  1]  grows  steadily,  but  does  not  experience  the 
abrupt  growth  during  the  4th  turn.  Note  that  we  have 
only  explored  one  set  of  parameters.  It  may  be  possible 
to  see  different  behavior  if  we  operate  near  a  resonance. 


Ex  and  Ey  vs.  Eg.  (normalized) 


S  ( m  ) 

Figure  2:  e„x,  e„y  (dotted)  and  e„g  (solid)  for  10  turns  of 
UMER. 

The  emittance  shown  in  Fig.  1  is  the  generalized 
emittance,  e„g.  The  standard  e„x  and  e„y  follow  a  different 
behavior.  Figure  2  compares  with  e„g  for  the  case  of 
periodic  errors  shown  in  Fig.  1.  Whereas  the  generalized 
emittance  grows  secularly  and  gradually,  the  standard  x 
emittance  oscillates  wildly.  The  oscillations  are  due  to 
the  fact  that  the  beam  is  wobbling,  and  some  of  the 
apparent  emittance  growth  is  reversible.  Note  that  Eng 
acts  as  a  lower  bound  for  e^,  thus  representing  the 
nonreversible  part  of  the  emittance  growth. 

The  beam  rotation  angle,  as  well  as  the  emittance 
growth,  depends  sensitively  on  the  magnitude  of  the 
errors.  Figure  3  displays  the  evolution  of  in  the  IRE 
for  2  values  of  errors.  In  both  cases,  an  abrupt  transition 
occurs  at  the  point  where  halo  formation  takes  place.  In 
the  case  with  larger  errors,  the  halo  formation  is  more 
severe  (i.e.,  a  larger  fraction  of  the  particles  form  the 
halo).  It  is  evident  that  for  smaller  errors  and  prior  to  the 
halo  formation,  the  generalized  emittance  is  more  nearly 
constant.  The  case  with  no  errors  is  included  to  mark  the 
numerical  growth.  By  improving  the  numerics,  we  can 
obtain  near  zero  emittance  growth  for  the  error-free  case. 
Note  that  the  dependence  on  the  numerics  can  change  in 


the  presence  of  errors,  as  preliminary  evidence  seems  to 
indicate.  Hence  we  are  pursuing  the  matter  further. 


Eh,  Generalized  Emittance  (normalized) 


S  1  m ) 

Figure  3:  e„h  along  the  IRE  for  an  rms  error  of  0.2° 
(upper),  0.1°  (middle)  and  no  error  (lower  curve). 

4  CONCLUSIONS 

As  we  find  from  the  simulations  presented  here, 
quadrupoles  with  small  random  rotations  have  a  larger 
impact  on  higher  intensity  beams.  We  presented  an 
analytic  derivation  of  a  generalized  emittance,  which  is 
conserved  in  linear  systems.  With  the  introduction  of 
nonlinearities  in  the  space  charge  distribution  as  the 
beam  evolves,  these  generalized  emittances  are  found  to 
grow,  sometimes  dramatically  if  a  halo  is  formed.  An 
interesting  effect  is  observed  if  the  errors  are  periodic,  as 
in  a  beam  drifting  in  a  ring,  where  the  beam's  response  to 
the  errors  appears  to  be  periodic  and  bounded. 
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Abstract 

The  laws  that  govern  the  charge  redistribution  in  space 
charge  dominated  (SCD)  beam  during  its  transport  is 
considered.  Physical  mechanisms  of  halo  production  and 
establishment  of  steady  distribution  inside  core  for 
matched  beams  are  described.  The  image-based  computer 
codes  were  generated  and  charge  density  redistribution 
process  in  the  beam  with  concurrent  phenomena  was 
described.  The  main  regularities  of  SCD-beam 
transporting  were  carried  out.  High-density  core  and  low- 
density  halo  with  particle  active  interchange  are 
established  in  every  case.  Most  of  core  particles  are  "ex¬ 
halo"  or  "coming-halo"  ones  which  income  from  halo  in 
previous  instant  of  time  or  will  emerge  from  core  in  next 
instant  of  time.  Final  steady  states  are  ones  with  Coulomb 
field  minimal  potential  energy.  The  transition  from  the 
SCD-beam  initial  state  into  a  final  steady  state  is 
accompanied  by  particle  kinetic  energy  increasing  and 
emittance  growth.  A  steady  state  with  constant  transverse 
sizes  of  core  can  be  established.  Such  beam  state  would 
be  nominated  as  matched  one. 

^INTRODUCTION 

Growing  needs  in  high-current  CW  ion  linac  aggravate 
both  problems  of  beam  losses  and  radiation  purity.  It 
turned  out  that  acceptable  beam  loss  standard  is  very 
tight.  Linac  designers  were  obliged  to  study  beam  physics 
mechanisms  that  lead  to  emittance  growth  and  core-halo 
formation.  Computational  methods  were  widely  used 
because  analytical  approaches  are  effective  only  in  limited 
idealized  cases  (for  example,  K-V  distribution).  SCD 
beam  study  in  linear  transport  and  accelerator  channels  as 
well  as  computer  code  generation  were  performed  and 
published  by  authors  starting  from  1986  [1-5].  The 
general  results  were  obtained  such  as:  (a)  formation  of 
quasi-uniform  core  and  rarefied  halo;  (b)  core  oscillation 
damping  with  concurrent  emittance  growth;  (c)  beam 
matching  using  information  of  input  beam  distribution  in 
phase  space;  (d)  minimization  of  the  space  charge 
potential  energy  and  concurrent  emittance  growth;  (e) 
impossibility  of  halo  stripping  by  diaphragm  and  so  on. 
These  results  are  agreed  very  closely  with  ones  published 
by  different  researchers  later. 

In  recent  years  works  on  convenient  in  operation 
computer  codes  for  space  SCD  beam  physics  study  were 
developed  using  modern  image-based  computer 
technology.  The  new  code  tools  make  calculations  with 
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higher  then  formerly  accuracy.  They  are  adopted  for 
education  and  training.  In 

recent  report  a  lot  of  numerical  experiments  are  discussed 
in  order  to  clear  out  the  main  regularities  of  core-halo 
formation  in  SCD  ion  beam.  The  results  were  obtained  in 
the  frame  of  longitudinal  and  transverse  uniform  focusing. 
Solenoids  were  used  directly  as  focusing  elements.  This 
relatively  simple  focusing  gives  a  possibility  to  clear 
demonstration  of  all  essential  SCD-beam  effects. 

2.  MATCHING  INJECTION 

The  solution  of  the  above  task  is  well  studied  only  for  K- 
V  distribution  [6],  For  more  real  (but  not  too  exotic) 
distributions  authors  proposed  the  matching  injection 
procedure  based  on  rms  parameters  of  the  distribution. 
The  procedure  despite  the  fact  that  it  gives  only 
approximate  matching  offers  practically  steady  state  for 
beam  with  not  very  high  beam  current  (tune  depression 
r| »  0.8)  during  further  beam  transport.  A  fast  formation 
of  beam  halo  takes  place  for  beam  distributions  limited  in 
space  (such  as  uniform  or  waterbag)  In  all  cases  beam 
simulations  extend  to  some  tens  of  core  oscillations.  For 
large  currents  (tj  «  0.2)  beam  injection  with  distributions 
limited  in  transverse  directions  does  not  lead  to  emittance 
growth  and  beam  is  practically  stabilized  at  once.  For 
Gaussian  transverse  distribution  there  are  both  fast 
emittance  growth  up  to  50%  and  core  oscillation  damping 
with  further  stabilization. 

If  a  beam  evolves  to  equilibrium  state  the  charge 
distribution  with  the  quasi-uniform  central  region  in 
transverse  coordinate  plane  is  established.  This 
distribution  is  very  similar  to  stationary  self-consistent 
analytical  solution  of  Maxwell-Boltzmann  type.  But  exact 
radial  dependence  in  the  region  of  the  distribution  "tail" 
remains  in  reality  unknown. 

Let  us  note  that  in  spite  of  frequent  using  of  term  "beam 
core"  nowhere  the  size  of  the  beam  core  was  defined. 
Following  the  work  [1]  we  define  core  size  as  a  distance 
between  beam  axis  and  the  point  where  the  maximum 
value  of  the  space  charge  field  is  achieved.  Physical  sense 
of  the  definition  is  evident  for  the  beam  with  elliptical 
cross  section  and  uniform  charge  density  -  the  core  size 
coincides  with  the  beam  size.  For  Gaussian  charge 
distribution  in  transverse  plane  the  core  radius  is  1.12  of 
rms  radius. 

3.  MISMATCHED  BEAM  INJECTION 

Beam  calculations  with  initial  mismatch  factor  1.5  were 
performed  in  order  to  study  of  effects  of  unequilibrium 
beam  relaxation  after  its  injection  in  focusing  channel.  For 
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low  currents  (t|  =  0.8)  there  is  a  damping  of  the  core 
radius  oscillations  on  the  length  of  15-5-20  oscillation 
periods  with  simultaneous  emittance  growth  up  to 
30*40%.  The  results  fall  into  a  pattern  of  filamentation 
phenomena  due  to  nonlinear  betatron  frequency  spread. 
The  halo  formation  in  the  cases  of  distributions  limited  in 
transverse  directions  is  followed  by  phase  contours  of 
nonlinear  parametric  resonance-2  (look  below). 

For  the  large  beam  currents  (t|  =  0.2)  a  role  of  initial 
mismatch  factor  considerably  increases.  For  various  initial 
distributions  the  core  oscillations  caused  by  initial 
mismatching  do  not  damp  practically  and  emittance 
growth  by  factor  of  2  or  3  on  the  length  of  30-5-40 
oscillations  takes  place.  The  core  oscillations  lead  to  fast 
halo  formation  particularly  for  limited  distributions.  The 
phase  trajectories  of  particles  follow  by  phase  contours  of 
resonance-2  (look  below).  Indeed  the  time  of  halo 
formation  may  be  evaluated  taking  into  account  the  period 
of  phase  oscillations  in  near  resonance  region. 

The  absence  of  the  core  oscillation  damping  for  large 
currents  does  not  have  satisfactory  explanations  so  far. 
Maybe  space  charge  strong  nonlinearity  would  enhance  a 
process  of  beam  filamentation.  It  is  possible  that  quasi¬ 
uniform  beam  core  formation  converges  the  distribution 
to  KV  type.  It  is  necessary  the  further  study  of  the 
problem. 

4.  HALO  FORMATION 

The  simple  (but  effective)  model  of  the  halo  particle 
dynamics  reduces  the  problem  to  analysis  of  the  sole 
particle  behavior  under  linear  focusing  force  and 
nonlinear  force  of  space  charge  field.  The  own  field  of 
halo  particles  is  supposed  as  negligible  small.  The 
analytical  calculations  [2]  show  that  energy  of  external 
particle  increases  when  it  crosses  the  compressing 
uniform  beam  core  and  vice  versa:  particle  energy 
decreases  when  core  extends.  R.L.Gluckstern  [7]  studied 
the  halo  particle  dynamics  in  periodically  alternating  field 
of  mismatched  beam  core.  He  has  found  the  conditions  of 
nonlinear  parametric  resonance.  The  particle  amplitude 
can  enhance  considerably  in  the  frequency  band  of  the 
resonance.  The  resonance  is  often  named  as  "resonance- 
2"  because  the  particle  oscillation  frequency  is  2  times 
less  than  core  frequency.  The  convenient  visual  image  of 
the  resonance  was  used  in  work  [8]  by  means  of  so  called 
Poincare  mapping.  The  pictures  of  phase  contours  in  near 
resonance  region  allow  to  evaluate  the  maximum 
amplitudes  of  halo  particles.  For  low  currents  the 
individual  phase  contours  are  clearly  separated.  The 
typical  duration  of  resonance  phenomena  is  characterized 
by  the  oscillation  periods  along  the  phase  contours.  For 
large  currents  the  resonance  separatrix  is  destroyed  and 
near  the  core  region  arose  island  regions  of  high  order 
resonances.  Overlapping  of  the  resonances  and  destroyed 
separatrix  are  formed  the  stochastic  layer.  As  the  beam 
current  more  as  the  layer  broader.  The  halo  formation  is 
now  caused  by  the  particle  diffusion  along  the  layer. 


Curves  of  the  maximum  radial  size  versus  mismatching 
factor  for  resonance  separatrix  are  shown  on  Fig.l  for 
various  tune  depression  values. 


^  sep^  max  /  ^  match 


Fig.l:  Resonance-2.  Maximum  radial  size  of  separatrix: 

1  -  r|  =  0.82;  2-1]-  0.24. 

In  many  of  our  PIC  simulations  the  particle  ejection  along 
phase  contours  of  the  resonance-2  are  observed  (Fig.2). 
They  are  seen  particularly  clear  if  the  initial  distribution 
do  not  possessed  the  extended  halo.  Possible  sources  of 
halo  particles  in  the  initially  bounded  distributions  are 
discussed  in  work  [9]  and  more  completely  in  review  [10], 

I  R' 


Fig.2:  Phase  trajectories  of  resonance-2 
as  result  of  PIC  simulation. 

Hence  for  many  of  the  beam  transport  simulations  the 
resonance-2  model  gives  satisfactory  qualitative 
explanation  of  halo  formation  and  possibility  of  its  scale 
evaluation.  But  all  approaches  described  above 
concerning  resonance-2  do  not  give  a  reliable  quantitative 
algorithm  to  calculate  the  transverse  distribution  of  halo 
particles  that  must  be  the  main  goal  of  halo  researches. 
Only  the  knowledge  of  distribution  function  opens  the 
opportunity  to  receive  the  based  data  about  the  probable 
particle  losses. 
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5.  ADIABATIC  TRANSFORMATIONS 

The  heating  of  halo  particles  due  to  compressing  core 
(look  [2])  may  cause  the  halo  extension  in  the  time  of 
adiabatic  growth  of  the  focusing  field.  We  have  made 
corresponding  calculations.  The  effect  of  halo  heating 
tells  on  the  relatively  less  halo  compression 
comparatively  with  the  core.  The  behavior  of  halo  particle 
having  the  initial  radius  double  the  radius  of  uniform  core 
is  shown  on  Fig.3. 


R 


Fig.3.  Adiabatic  compression  of  beam:  (1)  -  core  radius; 

(2)  -  halo  particle.  Focusing  grows  -(1  +  0.044z). 

Analogously  in  the  time  of  adiabatic  beam  extension  the 
halo  extends  in  the  less  degree  than  the  beam  core. 

6.  CODE  PACKAGE  DEVELOPMENT 

The  package  is  creating  for  visual  study  of  the  physical 
processes  accompanying  high  current  beam  transport  and 
bunching.  The  first  part  of  the  package  is  used  for 
transverse  beam  dynamics  describing.  This  part  contains 
two  tools  that  are  used  for  beam  simulations  by  analytical 
model  and  by  PIC  model  respectively.  The  analytical 
model  describes  the  motion  of  halo  particles  in  collective 
field  of  the  external  focusing  and  oscillating  uniform  core. 
The  PIC-model  calculates  the  beam  transport  in  solenoid 
or  quadruple  channels.  The  space  charge  forces  are 
resulted  as  digital  solution  of  Poisson  equation  at  the 
circular  or  square  boundaries.  Parameters  of  beam  and 
channel  are  input  either  in  generalized  dimensionless  form 
or  in  form  of  physical  units.  Initial  distributions  of  the 
three  types  are  used:  Waterbag,  Gauss  or  Uniform.  By 
means  of  the  last  two  ones  it  is  possible  to  get  distri 
describing.butions  on  coordinates  and  velocities 
independently.  The  visual  information  about  beam  cross- 
section  and  phase  portraits  (for  various  pairs  of  the 
dynamical  variables)  may  be  received  as  well  as  an 
evolution  of  distribution  moments  and  of  space  charge 
field  energies.  Both  intermediate  and  final  visual  images 
may  be  kept  for  consequent  comparison  of  variants.  Two 


previously  saved  variants  may  be  displayed 
simultaneously 

The  second  part  allows  to  calculate  the  high  current  beam 
bunching  under  the  constant  transverse  characteristics 
("frozen  beam").  The  periodical  charge  distribution  in 
longitudinal  dimension  is  supposed.  The  visual 
information  showing  charge  redistribution  phenomena  and 
the  evolution  of  harmonic  spectrum  of  the  longitudinal 
distribution  are  presented. 

The  last  part  of  the  code  package  combines  two  above 
ones  describing  together  the  longitudinal  and  transverse 
dynamics  of  high  current  ion  beam. 

7.  CONCLUSION 

One  of  the  main  problems  in  our  opinion  remains  a 
reliable  quantitative  evaluation  of  the  halo  size  or  more 
exactly  the  distribution  function  for  the  halo  particles.  It  is 
only  way  for  correct  calculations  of  the  particle  losses  in 
the  beam  transport.  The  existing  halo  models  do  not  solve 
the  problem.  We  proceed  a  work  to  construct  the 
algorithms  for  those  calculations  based  on  the  beam  PIC 
simulation  data. 

The  most  interesting  are  the  time  scales  of  the  relaxation 
processes..  According  to  our  PIC  simulations  for  the  tune 
depression  r|  <  0.5  the  core  oscillation  do  not  damp  on  the 
channel  lengths  measured  by  many  tens  oscillation 
periods.  Accuracy  of  the  calculation  results  is  confirmed 
by  the  clear  view  of  Poincare  mappings  for  that  lengths. 
We  shall  proceed  the  HALO-KERN  code  package  design 
and  the  ion  beam  studies  for  more  complicate 
configurations. 
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HALO  FORMATION  OF  BUNCHED  BEAMS  IN  PERIODIC  FOCUSING 

SYSTEMS 


A.  Letchford.  RAL,  UK,  K.  Bongardt,  M.  Pabst,  Forschungszentrum  Jtilich,  Germany 
Abstract  with 


A  very  critical  design  issue  for  high  intensity  proton  linacs 
is  to  keep  particle  loss  below  1  W/m  at  the  high  energy 
end  and  allow  unconstrained  hand  on  maintenance.  Parti¬ 
cle  loss  is  caused  by  a  small  number  of  particles  outside 
the  dense  beam  core,  called  the  beam  halo.  Halo  forma¬ 
tion  of  bunched  beams  in  a  periodic  focusing  channel  is 
driven  by  mismatch,  high  space  charge  and  temperature 
anisotropy.  Unstable  particles  oscillate  in  all  3  phase  space 
planes.  Mode  overlap  due  to  large  mismatch  amplitudes 
can  lead  to  a  halo  much  larger  than  seen  in  uniform  focus¬ 
ing  systems.  Resonance  crossing  due  to  acceleration  is  a 
possibility  for  designing  high  intensity  linacs. 

1  SINGLE  PARTICLE  -  ENVELOPE 
RESONANCE 

For  realistic  particle  distributions,  with  nonlinear  space 
charge  forces,  particles  inside  the  beam  core  have  differ¬ 
ent  tunes.  Parametric  particle  -  envelope  resonances  can 
occur  between  the  single  particle  tune  and  the  frequency  of 
the  mismatch  of  the  oscillating  beam  core. 

For  a  bunched  beam  the  frequencies  of  the  three  eigen- 
modes  are  approximately  given  by  [1] 


°"enu,(?  —  2<7t 

for  the  pure  transverse  quadrupolar  mode  and  by 


for  the  high  and  low  mode  which  couple  the  transverse 
and  longitudinal  directions.  The  mismatch  modes  are  ex¬ 
pressed  by  the  full  and  zero  current  transverse  and  longitu¬ 
dinal  tunes  at,  <rt0 ,  ai  and  aiQ.  For  the  quadrupolar  mode 
one  has  for  the  relative  mismatches 

A ax  _  Aay  Ab  _ 

*  “  j  *T  U. 

^xo  ayo 

Here  only  anti-phase  transverse  mismatches  is  present. 
In  case  of  the  high  and  low  mode  one  has 

Aax  A  av  Ab 

—  =  =9h/l  -t-. 

o xo  ®yo  "o 


V,H/L  ~  2(«t*  +  fft)  ' 


gn  is  always  positive  and  gL  always  negative. 

The  analytical  expressions  are  derived  for  a  uniform 
focusing  channel  with  linear  external  and  space  charge 
forces.  The  derivatives  of  the  formfactors  are  neglected. 
Numerical  simulations  of  a  periodic  bunched  beam  trans¬ 
port  line  with  spherical  bunches  ( b/a  ~  1)  or  elongated 
bunches  ( b/a  ~  3)  have  shown  that  all  three  eigenmodes 
can  be  excited  by  using  the  above  stated  amplitude  ratios. 

Due  to  nonlinear  space  charge  forces,  particles  have 
tunes  distributed  between  the  full  current  and  zero  current 
tune.  The  condition  for  exciting  a  parametric  resonance  ei¬ 
ther  transversely  or  longitudinally  is  given  by 


°t,i  _  m  __  1  1 

<renv  u  2  3 


with 

<rt  <  of  <  crto, 

C;  <  of  <  CTi0 

where  crenv  is  one  of  the  three  envelope  tunes  of  the  mis¬ 
matched  radii  and  of,  the  single  particle  tune. 

Fig.  1  shows  the  halo  formation  excited  by  the  quadrupo¬ 
lar  mode  with  20%  initial  mismatch.  Results  are  de¬ 
rived  from  Monte  Carlo  simulation  of  an  almost  spherical 
bunched  beam  in  a  periodic  focusing  system  [1].  All  cal¬ 
culations  discussed  below  were  done  with  at  least  10000 
particles  which  interact  fully  in  3d.  A  6d  waterbag  dis¬ 
tribution  is  used  as  input.  Clearly  visible  is  the  onset  of 
halo  formation  and  its  leveling  afterwards.  Above  1%  of 
the  particles  are  outside  10  *  erm5,  compared  to  0.1%  for 
the  not  shown  matched  case.  The  halo  is  limited  to  about 
30  *  erm,  in  phase  space.  Similar  results  have  been  reported 
from  Monte  Carlo  simulations  for  selfconsistent  equiparti- 
tioned  bunched  beams  in  a  uniform  focusing  channel  [2]. 
For  spherical  bunches  the  halo  formation  is  similar  in  the 
transverse  and  longitudinal  directions. 


2  UNSTABLE  PARTICLE  MOTION  IN  A 
PERIODIC  FOCUSING  CHANNEL 

In  a  periodic  focusing  channel  additional  resonances  and 
instabilities,  which  don’t  exist  in  an  uniform  channel,  can 
influence  single  particle  motion.  One  is  the  envelope  -  lat¬ 
tice  instability  which  occurs  for  a  bunched  beam  if  the  high 
mode  frequency  is  nearly  180°.  The  instability  leads  to  an 
increase  of  the  rms  beam  envelope.  Other  important  reso¬ 
nances  can  occur  between  single  particles  and  the  periodic 
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Period 

Figure  1:  Transverse  emittance  ratio  along  a  mismatched 
bunched  beam  transfer  line 


lattice  if  for  dc  [3]  or  bunched  beams  [4]  the  tune  depres¬ 
sions  are  below  0.4  and  the  full  current  tunes  below  60°. 

Beside  these  instabilities  other  particle  -  lattice  reso¬ 
nances  can  be  excited  either  by  temperature  exchange  or 
by  mismatch.  Even  if  all  above  mentioned  instabilities  are 
avoided  large  mismatch  amplitudes  can  create  unstable  par¬ 
ticle  motion. 


2.1  Unstable  Particle  Motion  due  to  Resonance 
Overlap 

In  a  periodic  focusing  system  a  parametric  particle  -  lattice 
resonance  is  excited  if  the  zero  current  tune  is  above  90°. 
If  a  particle  -  envelope  resonance,  excited  by  mismatch, 
is  nearby  a  particle  -  lattice  resonance,  then  particles  can 
be  driven  by  the  envelope  resonance  into  lattice  resonance. 
This  is  called  resonance  overlap  which  can  lead  to  unstable 
particle  motion  with  large  amplitudes. 

In  Fig.  2  unstable  behaviour  of  a  few  particles  in  the 
longitudinal  phase  space  is  shown  for  an  equipartitioned 
bunched  beam  by  exciting  a  pure  20%  transverse,  30%  lon¬ 
gitudinal  high  mode  with  an  analytical  phase  advance  of 
166°.  The  transverse  and  longitudinal  tune  depressions  are 
0.77.  The  longitudinal  zero  current  tune  is  about  90°  and 
the  transverse  zero  current  tune  is  about  85°.  The  bunch  is 
almost  spherical.  No  unstable  behaviour  has  been  observed 
in  the  transverse  planes.  The  tune  of  the  most  unstable  par¬ 
ticle  is  shown  in  Fig.  3.  Its  value  is  close  to  90°  after  50 
periods. 

Both  transverse  emittances  of  the  longitudinally  most 
unstable  particles  are  close  to  the  transverse  rms  emit¬ 
tances.  Similar  correlations  for  transversely  outermost  par¬ 
ticles  have  been  observed  at  the  end  of  the  ESS  linac  [5]. 
Comparing  Fig.  2  with  Fig.  1  the  difference  between  an  en¬ 
velope  resonance  and  unstable  behaviour  due  to  resonance 
overlap  is  evident.  Few  particles  are  expelled  to  very  large 
emittance  values  when  their  tune  is  close  to  90°. 


Figure  2:  Longitudinal  emittance  ratio  along  a  mismatched 
bunched  beam  transferline 


Period 


Figure  3:  Single  particle  tune  of  the  most  unstable  particle 
which  is  close  to  90°  after  50  periods 

2.2  Unstable  Particle  Motion  due  to  Tempera¬ 
ture  Exchange 

In  the  design  of  high  intensity  linear  accelerators  substan¬ 
tial  differences  between  transverse  and  longitudinal  tem¬ 
peratures  should  be  avoided  [6,7], 

In  Fig.  4  the  development  of  unstable  particle  motion 
due  to  temperature  exchange  and  leading  to  the  90°  particle 
-  lattice  resonance  is  shown  for  a  matched  beam.  The  lon¬ 
gitudinal  to  transverse  temperature  ratio  is  3  and  the  zero 
current  transverse  tune  is  92°.  The  not  shown  rms  emit¬ 
tances  are  oscillating  due  to  temperature  exchange.  Clearly 
visible  is  the  unstable  motion  of  particles  leading  to  very 
large  emittances  in  the  horizontal  phase  plane.  No  unsta¬ 
ble  behaviour  is  seen  in  the  longitudinal  plane.  The  single 
particle  tune  of  90°,  as  shown  in  Fig.  5,  for  the  least  stable 
particle,  is  in  resonance  with  the  periodic  focusing,  lead¬ 
ing  to  the  strong  increase  in  its  emittance  value.  Before  the 
particle  becomes  unstable  in  one  transverse  plane,  energy 
transfer  between  the  longitudinal  and  the  transverse  plane 
is  observed. 

2.3  Unstable  Particle  Motion  due  to  Large  Mis¬ 
match  Amplitudes 

By  avoiding  temperature  exchange,  the  90°  single  parti¬ 
cle  -  lattice  resonance  and  high  tune  depression,  mismatch 
amplitudes  smaller  than  30%  lead  to  a  superposition  of  3 
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Figure  4:  Transverse  emittance  ratio  along  a  matched  trans¬ 
fer  line  with  temperature  exchange 


Period 

Figure  5:  Single  particle  tune  of  the  most  unstable  particle 
which  is  close  to  90°  after  50  periods 

bunched  beam  eigenmodes. 

The  situation  can  be  different  for  mode  excitations  with 
large  amplitudes.  For  the  layout  of  the  periodic  focusing 
system  in  Fig.  1,  a  20%  ’pseudo’  high  mode  (equal  mis¬ 
match  amplitudes  in  all  three  directions)  excitation  leads  to 
neither  transverse  nor  longitudinal  halo  formation.  By  50% 
pseudo  high  mode  excitation  however,  mode  overlap  oc¬ 
curs  and  leads  to  unstable  particle  motion  in  all  three  planes 
after  40  periods.  The  periodic  focusing  system  enlarges 
the  maximal  halo  extent  compared  to  an  uniform  focusing 
channel. 

3  MONTE  CARLO  SIMULATION  OF 
THE  ESS  LINAC 

All  the  results  above  are  for  a  bunched  beam  transfer  line 
with  no  acceleration.  The  conclusions  are  also  valid  for  the 
design  of  a  high  current  linac.  As  an  example  a  50000  parti¬ 
cle  Monte  Carlo  simulation  result  is  shown  for  the  214  mA 
ESS  coupled  cavity  linac  which  accelerates  the  beam  from 
70  MeV  up  to  1.334  GeV  [8],  The  injection  parameters  at 
70  MeV  are  about  the  same  as  for  the  discussed  transfer- 
line  in  Fig.  4.  The  ratio  between  full  and  zero  current  tunes 
is  greater  than  0.7  both  transversely  and  longitudinally,  all 
along  the  linac.  The  transverse  zero  current  tune  is  92°  at 
injection. 

The  ratio  between  the  transverse  and  longitudinal  tem¬ 


perature  in  the  rest  system  is  0.36  at  injection  and  at  linac 
end.  The  maximum  value  of  0.5  is  reached  about  360  MeV. 

For  the  matched  case  there  are  no  particles  outside 
15  *  erms  either  transversely  or  longitudinally  and  the  rms 
emittances  change  by  about  20%  due  to  temperature  ex¬ 
change.  Fig.  6  shows  the  halo  formation  due  to  exciting  a 
pure  high  mode  with  20%  transverse  and  20%  longitudinal 
mismatch. 

As  the  90°  particle  -  lattice  resonance  is  crossed  trans¬ 
versely  together  with  increasing  the  transverse  temperature, 
halo  formation  due  to  mismatch  is  visible  in  the  horizontal 
plane.  Much  weaker  halo  formation  is  seen  in  the  longitu¬ 
dinal  phase  plane  as  expected  from  the  high  mode  excita¬ 
tion. 

These  results  are  very  much  consistent  with  the  results 
for  a  bunched  beam  in  a  periodic  focusing  channel.  The 
unstable  particle  motion  in  the  transverse  plane  however 
is  much  less  dominant  compared  to  similar  periodic  trans¬ 
port  line  of  Fig.  4,  because  the  very  dangerous  parame¬ 
ter  combination  of  temperature  ratio  of  0.37  together  with 
cr°  =  92°  is  crossed  quite  fast  due  to  acceleration.  Fast 
crossing  of  the  90°  particle  -  lattice  resonance  therefore  is 
a  possibility  for  designing  high  intensity  linacs  if  equipar- 
titioning  would  lead  to  strong  tune  depression. 


Figure  6:  Transverse  emittance  ratio  along  the  ESS  linac 

for  20%  high  mode  excitation 
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STABILITY  OF  IONS  IN  THE  ELECTRON  BEAM 

WITH  A  GAP  * 

E.  Bulvak  t,  NSC  KIPT,  Kharkov,  Ukraine 


Abstract 


2  MODEL 


A  gap  in  the  bunch  train  is  one  of  methods  to  remove  ions 
from  the  beam  circulating  in  electron  storage  rings.  Self- 
consistent  theory  of  the  ion  stability  in  the  bunch  train  with 
a  gap  is  developed  out.  As  is  shown,  stability  of  ions  in¬ 
creases  with  the  increase  in  the  ion  core  density.  Under 
certain  conditions  that  have  been  determined,  the  stability 
islands  become  overlapping.  Therefore,  the  beam  clearing 
may  not  be  achieved.  It  is  proved  that  the  maximum  charge 
neutralization  of  the  circulating  current  reaches  in  the  con¬ 
tinuous  beams,  any  gap  decreases  stable  density  of  ions. 
The  stable  density  of  the  ion  core  decreases  with  number 
of  the  ion  oscillation  within  the  bunch  train  increases. 


1  INTRODUCTION 

Positive  ions  produced  by  an  electron  beam  from  the  resid¬ 
ual  gas  being  confined  within  the  beam,  can  demolish  the 
beam  performance.  For  the  most  electron  storage  rings, 
these  ions  have  to  be  extracted  from  the  beam.  A  gap  in 
the  bunch  train  is  one  of  methods  to  remove  ions  from  the 
beam  circulating  in  electron  storage  rings.  The  essence  of 
this  method  is  as  follows.  Injection  of  a  beam  is  performed 
in  a  way  that  leaves  a  number  of  consecutive  RF  buckets 
empty.  Thus,  the  ions  experience  periodic  attractive  (the 
force  of  partially  neutralized  electron  macrobunch)  and  re¬ 
pulsive  (the  self  force  of  the  ion  core)  forces.  Length  of 
the  empty  part  of  a  beam  is  chosen  to  provide  unstable  ion 
motion  within  the  operating  intensity  of  a  beam.  The  sta¬ 
bility  of  a  single  ion  (the  ion  core  of  zero  density)  was  es¬ 
timated  in  [1,  2],  As  it  was  shown,  the  stability  of  an  ion 
in  the  beam  of  a  definite  geometry  is  determined  by  the  ion 
mass  and  the  beam  density.  A  real  beam  could  confine  the 
dense  ion  core  before  reaching  the  unstable  conditions.  The 
beam  could  trap  the  ions  during  the  beam  injection  (when 
the  beam  density  is  below  the  unstable  limit)  or  in  oper¬ 
ating  cycle  (when  due  to  losses  the  beam  enters  the  stable 
region  from  the  above).  Thus,  during  operation,  the  beam 
usually  crosses  the  regions  of  ion  stability.  Therefore,  of 
much  importance  is  to  establish  the  stable  region  border  in 
the  plane  of  beam  density  vs.  ion  core  density. 


*  Work  supported  by  the  STCU,  Project  855 
1  Email:  bulyak@kipt.kharkov.ua 


Let  us  consider  the  ions  moving  within  the  beam,  as  these 
only  ions  affecting  the  beam  particles.  This  assumption  al¬ 
lows  to  simplify  the  task  with  least  losses  in  generality.  The 
following  model  is  chosen  (see  Fig  1).  The  train  of  bunches 
(macrobunch)  of  the  radius  a,  length  Lt,  and  the  longitudi¬ 
nal  electron  density  Nt  are  filled  with  ions  of  density  iV* 
(the  train  neutralization  factor  is  rjt  =  Ni/Nt). 


Figure  1 :  The  model 


We  mean  the  bunch  being  long  if  an  ion  radius  is 
changed  significantly  while  the  bunch  passes  by.  The  den¬ 
sity  limit  of  ion  core  provides  that  the  clearing  gap  G(t]) 
between  consecutive  macrobunches  causes  the  ion  motion 
unstable. 

From  the  physical  point  of  view  it  follows  that  the  phase 
volume  of  ion  core  decreases  when  the  density  is  risen, 
therefore  the  core  at  the  edge  of  equilibrium  possess  zero 
phase  volume.  The  ions  in  this  case  move  similarly  (lami- 
nary).  So,  we  can  consider  just  dynamics  of  the  boundary 
ions  that  are  remaining  in  the  border  if  the  core  is  at  the 
instability  threshold. 

The  electrical  field  strength  of  the  uniformly  charged 
round  rod  of  radius  r  in  its  surface  is: 


Er(r'  =r)  = 


N>e 

2iteor 


The  corresponding  potential  function  reads  as 


(1) 


Ui(r)  =  - 


Nie2  r 

— - m  —  — 

27T60  a 


-2NiRoMc2\n  • 


(2) 
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where  a  is  the  initial  core  radius,  M  is  the  ion  mass;  Rq  is 
the  classical  ion  radius. 

An  attractive  force  acting  on  ions  from  the  bunch  space 
charge  should  be  added  to  the  repulsive  force  (1)  of  the  core 
self-charge.  Its  potential  is: 

Ub  =  NbRoMc2(^y  .  (3) 

Thus,  we  can  write  a  (nonrelativistic)  Hamilton  function 
for  the  ion  core  border  motion 

*  “  + 

Here  we  denote  9  =  1  within  the  bunch,  and  0  =  0 
outside  (in  the  gap  between  consecutive  bunches). 

As  we  consider  the  bunch  being  long,  the  ion  core  can 
undergo  a  few  oscillation  while  the  bunch  is  passing  by. 
The  pulsation  period  can  be  derived  from  (4)  put  p{r  = 
a)  =  0.  The  hamiltonian  (4)  becomes: 

H  =  E  =  const  =  NbRoMc2  .  (5) 

At  the  loser  crossover,  p(r  =  rm)  =  0,  we  have 

p2  -fftlnp2  =  1  (6) 


where  p  =  r/a. 

Equ.  (6)  has  the  root  at  p  =  1,  the  second  root  p*  <  1 
exists  if  the  neutralization  factor  does  not  exceed  unity: 
rjt  <  1-  Taking  this  into  account,  from  (4)  we  get  an  expres¬ 
sion  for  the  period  T  of  the  border  ion  oscillation  within  the 
bunch: 


,  =  a  rjr  r 1  dp 

C  V  Aji?o  Jp *  y/l  —  p2  +r)lnp2 


(7) 


As  pm  =  Pmiv)  (see  (6)),  we  can  denote 


dp 

(v)  V1  ~  P2  +»?lnp2  ’ 


(8) 


The  pulsation  length  A  =  cT,  is  dependent  on  the  bunch 
radius  and  density,  as  well  as  on  the  ion  mass  and  the  neu¬ 
tralization  factor. 

Due  to  symmetry  or  the  considered  system,  the  core  en¬ 
velope  reaches  its  minimal  crossover  pm  (pm  >  p*)  just  in 
the  middle  of  the  clearing  gap  between  bunches  (see  Fig  1 ). 

The  trajectory  of  the  border  ions  is  described  implicitly 
as 
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(9) 


Let  define  formally  the  reversed  to  if)(p,  T})  function: 

X^IppiP,!!)  -t  P  =  1p~1(x,Tl)  .  (10) 


Finally,  after  matching  the  trajectory  within  the  bunch 
to  that  in  the  gap,  we  get  the  following  conditions  for  the 
system  to  be  periodic: 
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(11) 


It  can  be  seen  that  for  the  limiting  case  r)t  -t  0  the  stability 
conditions  [1,  2]  are  deduced  from  (11). 


3  COMPUTATION  OF  THE  CORE 
STABILITY  LIMITS 

As  it  may  be  seen  from  the  expressions  obtained,  the 
boundary  lines  of  the  stability  islands  can  not  be  presented 
in  an  explicit  analytical  form.  Then,  a  computer  code  was 
written  for  calculation  of  the  limits  of  ion  stability  for  both 
the  case  of  round  beam  (considered  above)  and  flat  beam 
(derivation  of  the  stability  border  for  this  case  is  similar  to 
the  round  one).  The  reason  is  that  for  an  actual  beam  of  el¬ 
liptic  cross  section,  the  stability  bound  must  lay  somewhere 
in  between  the  flat  and  round  ones. 

Bunch  intensity  was  presented  with  dimensionless  pa¬ 
rameter  v: 

_  (LtVzNiRo 
I/round  “  {a  )  tt2 

(Lt\2  2NiRoa 

J'flat  =  I  —  )  - r  • 

\  a  J  7r  b 

where  b  is  the  width  of  a  flat  bunch. 

The  train  neutralization  factor  rjt,  and  the  relative  bunch 
(train)  length  g/Lt  were  the  other  two  parameters. 

Computed  stability  islands  are  presented  in  Figs  2-3 
where  numbers  in  line  brakes  show  the  relative  gap  length 
g/Lt.  As  is  seen  from  the  figures,  stability  limits  are  shifted 
toward  higher  beam  densities  with  increase  in  the  ion  core 
density.  Then,  projections  of  the  islands  into  the  abscis¬ 
sae  are  wider  then  for  rj  =  0  and  can  overlap  each  other. 
Thus,  the  gap  length  shorter  than  some  g0\  is  not  provided 
clearing. 


4  RESULTS 

The  analytical  and  computational  study  on  the  self- 
consistent  stability  of  the  ion  core  in  the  pulsed  electron 
beam  was  carried  out.  As  is  yielded  from  the  theory,  rel¬ 
ative  core  density  reaches  its  maximum  in  the  uniform, 
continuous  beam.  Any  inhomogeneity  in  the  longitudinal 
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Figure  2:  First  stability  islands;  a  cylinder  beam. 


Figure  4:  12-th  Stability  island 


[2]  Y.  Miy  ahara,  “Parametric  Resonance  of  Trapped  Ions  in  Elec¬ 
tron  Storage  Rings,”  NIM  A366  p221  (1995) 

[3]  E.  Bulyak,  “Capturing  and  Confinement  of  Ions  by  the  Beam 
Circulating  in  an  Electron  Storage  Ring”,  Sov.  Physics  JTF 
vol.  56,  p.  72  (1986) 

[4]  E.  Bulayk,  “Ion  Clearing  Methods  for  the  Electron  Storage 
Rings”,  Proc.  EPAC-96  (Barcelona,  Spain)  p.  1078  (1996) 


Figure  3:  First  stability  islands;  a  flat  beam. 


beam  density  distribution  is  resulting  in  decreasing  the  core 
density.  This  fact  is  surprisingly  opposite  to  expected  from 
the  theory  of  strong  focusing  where  application  of  defocus- 
ing  elements  increases  the  transverse  stability  —  repulsion 
of  ions  by  the  space  charge  field  of  the  core  causes  decrease 
in  the  stability  limit. 

Maximal  stable  ion  density  decreases  with  increasing  the 
bunch  train  density.  Thus,  the  stable  islands  with  big  num¬ 
ber  (big  number  of  ion  oscillations  per  train,  K  =  [y/v] 

1)  are  less  harmful,  for  example,  the  island  with  K  =  12 
and  g/Lt  =  2  has  the  only  0.5%  of  neutralization  in  its 
maximum  (see  Fig  4). 

Also  it  is  worth  to  take  into  account  that  the  space  be¬ 
tween  the  stable  islands  is  increased  with  its  number.  Thus, 
the  gap  in  bunch  train  is  effective  for  removing  of  ions  from 
the  intense  electron  beams  circulating  in  the  storage  ring 
with  large  circumference. 
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Frequency  map  analysis  for  beam  halo  formation  in  high  intensity  beams. 


A.Bazzani,  Dept,  of  Physics  Univ.  of  Bologna  and  INFN  sezione  di  Bologna,  Italy, 
M.Comunian.  A.Pisent  INFN  Laboratory  Nazionali  di  Legnaro,  Italy 

Abstract 

The  Frequency  Map  analysis  is  applied  to  the  Particle-core  /  G\ 

model  of  an  intense  bunched  beam  in  a  focusing  channel  _ /  [1  \ _ 

with  cylindrical  symmetry.  The  coupled  longitudinal-radial  ^ 

motion  is  analyzed.  ~ 

1 

1  INTRODUCTION  if 

The  control  of  beam  losses  down  to  a  very  small  percentage  0  2  A  6  8  1 

is  one  of  the  main  challenges  for  the  new  generation  of  high  s 

power  linacs.  These  losses  are  associated  with  the  presence 

of  a  beam  halo,  populated  by  very  few  particles  but  with  a  Figure  1 :  FODO  Period  with  a\  =  a2 

radius  significantly  larger  than  the  beam  rms  (root  mean 

square)  radius  up  to  the  bore  hole.  In  previous  papers  we  ,  ,  .  ,  ,  ,.  .  , 

,  ....  . ,  ...  „ .  r,,p„,  where  (x\  ,x2)  are  the  transverse  coordinates  anc 

have  applied  the  Frequency  Map  Analysis  (FMA)  [ljf 2]  to  ,  .  .. 

,  .  .  ,  ,,  .  .  “  i ^  longitudinal  coordinate.  The  semi  axis  a,  are  fui 

the  2D  case  of  a  mismatched  beam  propagating  m  a  FODO  ?.  .  ..  , 

,  ,r„,  ...  .  °  ,  .  ,  position  s.  We  compute  the  potential  of  the  chai 

channel[3];in  this  case  it  exists  a  self-consistent  solution  or  f  . 

,  ,  „  ’  .  ,,  ,  bution  according  to 

the  Vlasov-Poisson  problem,  the  KV  distribution,  and  we 

studied  how  the  non  linear  resonances,  driven  by  the  space 

charge,  can  push  a  test  particle  to  large  amplitudes.  The  $  _  e  f  °2  a3  ) 

importance  of  the  envelope  oscillations  and  the  advantage  167reo  Jx  \J{a\  +  u)(al  +  u)(a§  + 1 

of  a  careful  choice  of  the  working  point  result  clearly  from  .  .  „ 

this  analysis  where  N  is  the  total  number  of  particle  and  th< 

Unfortunately  in  a  linac  the  particle  dynamics  is  intrin-  *  *s  set  et| t0  ®  ,t*le  P0*nt_(®i>®2,®8)  is  ii 

sically  3D,  since  the  three  tunes  are  close  each  other.  The  1  ®  e.  1PS°1  ^  ’  an.  1S  0  envise  e  ne  as  1  1 

space  charge  can  be  in  this  case  estimated  assuming  an  el-  so  utl0n  0  1  e  c9uatl0n 

lipsoid  uniformly  populated,  even  if  this  does  not  corre-  x2  x2  x2 

spond  to  a  regular  self-consistent  solution  of  Vlasov  prob-  ?  .  +  7TT ~  +  „2  ~  ^ 

tli  T  /L  1*9  •  A  T  A 

lem.  In  this  paper  we  move  a  first  step  toward  the  3D  prob¬ 
lem,  by  considering  a  beam  moving  in  a  solenoid  chan-  In  order  to  simplify  the  problem  we  assume  a 

nel,  interrupted  by  an  RF  gap  (working  with  -90  deg  syn-  symmetry  (aj  =  a2).  In  such  a  case  the  integr. 

chronous  phase).  The  envelope  periodic  solution  (Fig.  1)  be  computed  using  elementary  functions  and  the  t 

and  the  three  envelope  modes  are  calculated.  This  prob-  and  the  longitudinal  electric  fields  determine  the  s 

lem  is  very  similar  to  a  linac  with  smooth  quadrupole  fo-  tide  equations:  (J  =  1, 2) 

cusing  and  same  focusing  strength  in  the  two  transverse 

planes;  the  understanding  of  the  coupled  longitudinal  and  x'!  4.  KjXj - — ~  —  -r  .  : 

transverse  motion  in  this  case  is  important  for  the  halo  for-  3  2(a 2  x)y/ al  +  X 

mation  problem.  We  therefore  analyzed  the  2D  motion  of  n  (3\  .  2i r  pf(p) 

particles  without  angular  momentum  respect  to  beam  axis;  Xs  +  S*n  /JA3'3  ~  (a2  _|_  ^ ^/a2  +%X3 

in  this  way  we  could  apply  the  FMA  and  the  stability  crite¬ 
ria  elaborated  for  the  transverse  case.  where  p  =  3Ne2/4neom'y3v2, 7  and  (3  are  relatr 

The  extension  of  the  FMA  to  the  complete  3D  case  will  tors,  A  is  the  wavelength  and  the  '  denotes  the  ( 
be  our  next  step.  with  respect  to  s  ,  p  =  y/a\  +  x/Va  1  +  X 

2  PARTICLE-CORE  MODEL  ftp)  =  --1—  -  plog(p  +  vg  ~j) 

p2  -  l  [p2  -  1)3/2 

We  assume  that  the  particles  are  uniformly  distributed  into 

ellipsoidal  bunches,  defined  by  the  equation  is  form  factor  defined  for  p  6  1R+  by  extendii 

and  the  square  root  functions  to  complex  values. 
x\  x2  x2  depends  on  s,  the  equations  (4)  are  time-depende 

^2  ^2  ^2  —  *  ^  ical  equations.  Therefore  in  order  to  integrate  eq 


Figure  1 :  FODO  Period  with  u\  =  a2 

where  (27 ,  x2)  are  the  transverse  coordinates  and  £3  is  the 
longitudinal  coordinate.  The  semi  axis  m  are  functions  of 
position  s.  We  compute  the  potential  of  the  charge  distri¬ 
bution  according  to 

$ = r  (f + 1 +  H  ~ l) du  (2) 

167TCO  Jx  (a\  +  u)  (o|  +  u)  (a\  +  u) 

where  N  is  the  total  number  of  particle  and  the  variable 
X  is  set  equal  to  0  if  the  point  {x\,x2,xz)  is  internal  to 
the  ellipsoid  (1),  and  is  otherwise  defined  as  the  positive 
solution  of  the  equation 


a  i+x  +  X  03  +  X 

In  order  to  simplify  the  problem  we  assume  a  rotational 
symmetry  (aj  =  a2).  In  such  a  case  the  integral  (2)  can 
be  computed  using  elementary  functions  and  the  transverse 
and  the  longitudinal  electric  fields  determine  the  single  par¬ 
ticle  equations:  0  =  1, 2) 


X"  +  Kx _ MWfr))  _Q 

X’+K>X’  2(aUx)V^' 

x3  +  fa  f- sin  — ^rj=r=Xli  =  0  (4' 

2tt  /3\  (a2+x)V°  l+X 

where  p  =  3Ne2/4neom^3v2, 7  and  (3  are  relativistic  fac¬ 
tors,  A  is  the  wavelength  and  the  '  denotes  the  derivative 
with  respect  to  s  ,  p  =  y/a%  +  x/y/ai  +  X 


fip)  = 


plog(p+  \Jp2  -  1) 
( p 2  -  I)3/2 


is  the  form  factor  defined  for  p  6  1R+  by  extending  the  log 
and  the  square  root  functions  to  complex  values.  Since  aj 
depends  on  s,  the  equations  (4)  are  time-dependent  canon¬ 
ical  equations.  Therefore  in  order  to  integrate  eqs.  (4)  we 
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have  solved  the  envelope  equations  which  follow  from  the 
rms  envelope  equations  using  the  relations  (x2)  =  aj  / 5 


aj  +  KAs)ai 


Ml  ~  /)  _  _0 

(ai  +  a2)a3  a| 


a'l  4-  K3(s)a3 


a  ia2 


(6) 


where  e,  =  5 \j (xf)(xj2)  -  (xjX*)2  i  =  1,2,3  are  the 
emittances.  If  we  choose  the  periodic  solution  of  the  enve¬ 
lope  equations,  then  it  is  possible  to  introduce  the  Poincare 
map  for  the  system  (4)  (matched  case);  otherwise  in  the 
generic  case  Oj(s)  are  only  quasi-periodic  and  the  Poincare 
map  cannot  be  used  to  plot  the  phase  space  of  the  test- 
particle. 


3  ENVELOPE  MODES 

If  the  deviations  Si  with  i  =  1,2,3  from  the  periodic  en¬ 
velope  are  small,  they  can  be  calculated  from  the  lineariza¬ 
tion  of  (6),  giving  rise  to  envelope  modes  that  enter  single 
particle  dynamics.  In  particular  if  the  focusing  is  smooth 
(i/j((l/4),  one  can  directly  calculate  the  equilibrium  en¬ 
velopes  ai  =  J and  the  zero  space  charge  tunes: 


„  _  L>.  M  £2(i -/) 

uoj  -  \  "j  + 


47r2  (at  +  a2)ajd3 ' 


(7) 


„  _  L,  V  L2f 

^03  —  \/t/3  + 


47t2  aia2a3 " 

The  envelope  modes  are  solution  of  the  system: 
3 


<5" +  £#«<),=  0. 


(8) 


(9) 


t=i 


where  in  the  case  ax  =  a2,  the  matrix  Hu  has  the  form: 

A  =  Hu  =  H22  =  Mi  +  ’ 

B  =  Hn  =  p&  +  3M-^, 
c  =  h12  =  h21  = 

D  =  H3i=  Hu  =  H32  =  #23  =  +  5^7. 

with  f  =  df(p)/dp.  The  eigen-frequencies  are: 


a0  -  VA-C  (10) 


a± 


\ 


A  +  B  +  C 


and  the  corresponding  eigen- vectors  are: 


+  2£>2 
(11) 


S0  =  ( — 1/ \/2,  l/x/2,  0)  (12) 

6 _  =  (-sin</»/-\/2,  —  sin^/\/2,  cos  <j>)  (13) 

8+  =  (cos  4>/V2.,  cos  cj>/\/2,  sin  0)  (14) 


with 

1  (  2V2  D  \ 

^=2arcta"(jrBTcj'  <15> 

This  is  the  mode  mixing  angle.  In  particular,  if  radial  and 
longitudinal  focusing  strength  are  equal,  the  mixing  an¬ 
gle  is  7r/4.  On  the  contrary  if  the  difference  in  focusing 
strength  is  large  the  mixing  angle  tends  to  zero.  The  lattices 
of  practical  interest  are  smooth  enough  so  that  the  three 
modes  calculated  in  smooth  approximation  can  be  recog¬ 
nized. 

For  numerical  simulations  we  have  chosen  a  lattice  with 
ai  =  a2  and  with  e\  =  e3  =  10~6  m,  K\  =  K2  =  1.5 
nr2,  K3  =  0.9  nr2,  L  =  3/JA  =  1  m,  ft  =  2  -  10~9 
m.  In  this  case  the  frequencies  in  smooth  approximation 
are:  =  0.16, uo3  =  0.16,  ui  =  0.13,  v3  =  0.12  and  the 

envelope  modes  are:  a0  =  0.27,  a_  =  0.26,  a+  =  0.30 
with  a  mix  angle  of  0  =  0.51  rad. 


Figure  2:  Fourier  analysis  of  the  mismatched  case; 
(ni , n2,  n3, 714)  corresponds  to  niUi  +  n2v3  +  n3a+  + 
n^a-  =  0.  Numerically  V\  =  .1247,^  =  .1169,  a+  = 
.3077,  a_  =  .2657 


4  FREQUENCY-MAP  ANALYSIS 

The  FM  analysis  is  a  useful  tool  to  represent  the  phase 
space  of  a  symplectic  map  of  2  or  more  degrees  of  freedom, 
which  can  be  applied  also  to  quasi-periodic  time  dependent 
maps.  The  basic  idea  is  to  compute  the  main  frequencies 
associated  to  the  invariant  tori  (regular  orbits)  and  to  study 
the  regularity  of  the  map  (i.e.  the  FM)  between  the  space 
of  the  invariant  tori  and  the  frequency  space.  According  to 
the  K.A.M.  theory,  in  the  regions  of  the  phase  space  mostly 
filled  by  regular  orbits  the  main  frequencies  associated  to 
the  invariant  tori  change  smoothly  from  one  torus  to  an¬ 
other,  whereas  in  the  resonant  regions  the  frequencies  are 
locked  to  the  resonant  values. 
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Figure  3:  FMA  in  the  matched  and  mismatched  case:  a  Ji  =  0.2ai  of  mismatch  is  inserted  in  the  envelope  solutions: 
the  low  order  resonances  are  indicated  and  the  appearance  of  a  chaotic  region  due  to  resonances  overlapping  for  the 
mismatched  case  is  clear. 


In  the  case  of  the  system  (4),  we  numerically  compute 
the  transfer  map  for  the  FODO  line  and  for  a  given  initial 
condition  we  consider  a  fixed  number  of  iterations.  Then 
we  project  the  orbit  on  the  planes  (x,,  x')  i  =  1,2,3  and  we 
compute  the  betatronic  and  the  synchrotronic  frequencies 
by  using  an  algorithm  based  on  the  Hanning  filter. 

In  the  figure  2  we  show  the  FFT  of  a  regular  orbit  for 
a  test  particle  projected  in  a  transverse  plane  when  the 
beam  envelopes  are  20%  mismatched.  Even  if  the  Fourier 
spectrum  is  very  rich,  due  to  the  appearance  of  the  integer 
combinations  between  the  betatronic  and  synchrotronic  fre¬ 
quencies  and  the  envelope  frequencies,  we  observe  that  the 
highest  peak  still  corresponds  to  the  betatronic  frequency. 
This  is  in  general  true  for  the  orbits  of  the  system  (4). 

In  order  to  study  the  regularity  of  the  FM,  we  consider  an 
uniform  grid  of  initial  conditions  in  the  (xi  =  X2 ,  X3 )  plane 
(fig.  4).  In  the  regular  regions  the  initial  grid  of  points  is 
only  smoothly  deformed  by  the  FM  (fig.  3).  In  the  resonant 
regions  the  the  points  are  mapped  in  a  resonant  line  so  that 
a  dense  straight  line  of  points  at  the  center  of  an  empty 
channel  is  shown  in  the  frequency  space.  In  the  chaotic 
regions  the  results  of  the  FM  changes  strongly  from  one 
point  to  another  and  the  fuzzy  cloud  of  points  appears. 

5  CONCLUSION 

We  have  shown  the  possibility  to  use  the  FMA  the 
longitudinal-radial  coupled  motion  for  high  intensity 
bunched  beam.  The  FMA  provides  information  on  the  reg¬ 
ular,  resonant  and  chaotic  regions  in  the  phase  space  and  al¬ 
lows  to  define  a  dynamic  aperture  by  using  the  border  of  the 
regular  regions  around  the  beam  core.  In  the  mismatched 
case  the  FM  analysis  for  the  P-C  model  points  out  the  role 
of  the  resonances  between  the  single  particle  and  the  enve¬ 


lope  frequencies  for  the  stability  of  the  orbits,  through  the 
mechanism  of  resonance  overlapping. 


xl/al 

Figure  4:  Initial  condition  corresponding  to  mismatched 
case  (fig.  3  right  side).  The  initial  conditions  correspond¬ 
ing  to  the  two  overlapping  resonances  (2,0, —1,0)  and 
(0, 2, 0,  -1)  are  indicated  with  thicker  markers 
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Abstract 

A  beam  dynamics  code  has  been  developed  for  the  design 
assessment  of  a  superconducting  high  current  proton  linac 
for  the  ENEA/INFN  TRASCO  Project  (intended  for 
nuclear  waste  transmutation  in  a  subcritical  reactor).  The 
code  deals  with  the  dynamics  of  a  moderate  energy  (above 
tens  of  MeV)  and  high  current  proton  beam  in  a  beamline 
composed  of  elliptical  superconducting  cavities  and 
quadrupoles.  A  3D  Poisson  solver  based  on  multigrid 
techniques  has  been  chosen  for  the  space  charge 
calculations.  The  simulation  results  for  the  reference  linac 
design,  with  a  particular  care  to  emittance  growth  and 
halo  generation,  are  here  reported. 

1  GENERAL  FEATURES  OF  THE  CODE 

The  code[l]  has  been  specifically  developed  for  the 
simulation  of  high  current  proton  beams  in  a 
superconducting  linac  that  uses  "elliptical"  cavities,  as  is 
the  case  for  TRASCO[2].  The  beam  is  advanced  along  the 
linac  in  phase  steps  (where  the  phase  is  defined  as 
<j)  =  (0 ,  and  oi^  is  2k  the  frequency  of  the  linac).  In 
case  a  particle  crosses  an  element  boundary  during  a 
timestep,  a  substep  is  performed  up  to  the  element  end  and 
the  step  is  then  continued  in  the  following  element. 
Particles  crossing  an  element  boundary  where  output  is 
desired  are  collected  in  buffers  for  disk  storage. 

The  beamline  is  composed  of  a  sequence  of  elements  of 
different  types:  quadrupoles,  drift  spaces  and  cavities.  An 
"ideal"  3D  uniform  focussing  element  can  also  be  used  for 
analytical  checks  of  the  code. 

For  the  propagation  in  the  quadrupoles  and  drifts 
analytical  maps  are  used  (which  include  chromatic  effects 
for  the  quadrupole),  whereas  for  the  RF  cavities  a  direct 
integration  in  the  cavity  field  is  performed.  A  cavity  is 
described  either  with  an  analytical  field  shape  of  an 
"ideal"  reduced  p  cavity  or  by  an  on-axis  field  map 
(provided  by  any  cavity  electromagnetic  code).  Off-axis 
expansion,  to  second  order,  of  the  electric  and  magnetic 
fields  is  computed  for  particle  tracking. 

Space  charge  is  computed  in  multiples  of  the  particle 
tracking  phase  steps.  The  space  charge  kicks  can  be 
evaluated  either  using  a  direct  point  to  point  method  or 
with  a  fast  3D  Poisson  solver  in  the  reference  particle  rest 
frame,  based  on  a  multigrid  algorithm. 

*  Email:  Paolo.Pierini@mi.infn.it 


1.1  RF  Cavities  Modeling 


The  codes  used  for  the  design  of  the  TRASCO  linac 
replace  the  elliptical  RF  cavities  with  a  properly  chosen 
"ideal"  cavity  with  an  analytical  field  given  by: 

Ez(z,t)  =  2Eacc  sin(a)^f  +  <pc)sin 

CPc 


where  Eacc  is  the  accelerating  field,  pc  the  cavity 
synchronous  velocity  and  <pc  the  phase.  Both  Eacc  and  pc 
are  defined  so  that  the  cavity  gives  the  same  energy  gain 
of  the  "real"  cavity  (as  designed  by  a  program  as 
Superfish[3])  in  all  the  energy  range  of  the  linac  where  the 
cavity  is  used.  Note  that  Pc  does  not  depend  from  the 
inner  cell  length,  it  rather  comes  from  a  "dynamical" 
equivalence  of  a  real  cavity  with  an  ideal  sine-like  cavity. 

This  equivalence  has  been  tested  against  a  much  simpler 
(although  much  quicker  in  terms  of  computational  costs) 
model  of  a  cavity:  the  RF  gap.  The  transfer  matrix 
elements  for  the  longitudinal  phase  space  (A<(>,A£)  are 
plotted  in  Figure  1  for  three  cavity  models:  the  direct 
integration  in  the  Ez  field,  the  sine-like  approximation 
defined  above  and  the  RF  gap  equivalence,  where  the 
whole  5  cell  cavity  is  replaced  by  a  single  RF  gap,  giving 
the  right  energy  gain  and  phase  advance  at  each  energy. 
The  plots  were  computed  for  the  p  range  corresponding  to 
the  first  section  of  the  TRASCO  linac  (100-190  MeV). 
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Figure  1:  Longitudinal  transfer  matrix  elements  for  the 
three  cavity  models:  direct  integration  (solid  line),  sine¬ 
like  equivalent  (squares,  see  text)  and  RF  gap  (triangles). 
Phase  space  units  are  deg  and  MeV.  (ps  =  -30  deg. 
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The  transfer  matrix  of  the  transverse  plane  (x,  dx/ds )  is 
shown  in  Figure  2,  for  the  same  cavity  models  of  Figure  1. 

It  is  worth  noting  that  the  largest  errors  are  found  on  the 
elements  on  the  main  diagonal  of  the  transverse  and 
longitudinal  transfer  matrices,  where  the  sine-like 
equivalent  has  an  error  of  1  O'3- 1  O'4,  whereas  the  RF  gap 
gives  a  difference  of  the  order  of  10'2. 

In  both  the  transverse  and  longitudinal  matrix  cases, 
when  the  cavity  is  operated  near  its  nominal  velocity  (here 
P=0.5)  the  three  models  give  approximately  the  same 
values  for  the  elements  (to  few  parts  in  10,000). 
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Figure  2:  Transverse  transfer  matrix  elements  for  the  three 
cavity  models:  direct  integration  (solid  line),  sine-like 
equivalent  (squares,  see  text)  and  RF  gap  (triangles). 
Phase  space  units  are  mm  and  mrad.  <ps  =  -30  deg. 

1.2  The  Space  Charge  Multigrid  Algorithm 

Since  the  code  advances  in  time  (phase),  when  the  space 
charge  calculation  is  needed  the  particle  coordinates  are 
Lorentz-transformed  to  the  rest  frame  of  the  reference 
particle,  the  charge  distribution  is  evaluated  using  a  cloud 
in  cell  (CIC)  assignment  scheme  and  the  3D  Poisson 
equation  is  solved. 

The  fields  computed  from  the  solution  potential  are  then 
transformed  back  in  the  laboratory  frame  and  the  force  is 
interpolated  on  the  particle  position  using  trilinear 
interpolation^]. 

The  Poisson  equation  is  solved  iteratively  using  a 
multigrid  solver[5],  a  fast  iterative  method  that  uses 
standard  relaxation  algorithms  (in  our  case  we  chose  the 
Gauss-Seidel)  and  combines  it  with  the  discretization  of 
the  problem  on  a  series  of  nested  grid  levels  (in  our  case 
obtained  by  step  doubling  of  the  finest  level). 

The  code  implements  both  the  V-cycle  and  the  full 
multigrid[5]  cycling  strategies,  but  the  V-cycle  allows  to 
make  use  of  the  potential  map  computed  at  a  previous 
space  charge  computation  in  order  to  start  from  a  better 
estimate  for  the  solution  potential.  This  strategy  leads  to  a 
speed  up  of  the  space  charge  calculations  (reducing  the 
time  by  a  typical  factor  of  30%),  in  order  to  achieve  the 
specified  convergence]!]. 


The  restriction  operator  (needed  to  transfer  quantities  to 
a  coarser  mesh  level)  is  the  trilinear  averaging  of  the  27 
neighboring  nodes  and  the  prolongation  operator  (needed 
to  transfer  the  solution  to  a  finer  mesh  level)  is  the 
trilinear  interpolation. 

The  space  charge  routine  based  on  the  multigrid  solver 
has  been  thoroughly  tested,  both  with  a  comparison  with 
the  point  to  point  space  charge  calculation  (which, 
however,  is  limited  to  a  small  number  of  interacting 
particles,  due  to  the  time  scaling  with  the  squared  number 
of  particles)  and  with  simple  analytical  cases.  A  report  of 
the  tests  can  be  found  in  Reference  1. 

Typical  TRASCO  simulations  are  performed  with  104- 
105  particles,  a  phase  step  of  a  few  (2-4)  RF  degrees,  a 
space  charge  step  every  5-15  phase  steps  using  a  mesh  of 
33x33x33  points,  extending  to  ±5-6  rms  beam  sizes.  The 
whole  linac  runs  in  a  few  hours  on  a  desktop  system. 

2  THE  TRASCO  LINAC  SIMULATIONS 

The  352  MHz  superconducting  linac  accelerates  a  25  mA 
proton  beam  from  lOOMeV  to  a  maximum  energy  of 
1.6  GeV.  The  linac  is  divided  in  three  sections,  with  five 
cell  cavities  designed  for  a  synchronous  P  of  0.5,0.65  and 
0.85,  grouped  in  cryostats  containing  2,  3  and  4  structures 
each.  The  focussing  is  provided  by  a  periodic  array  of 
quadrupole  doublets  between  the  cryostats  and  the  lattice 
cells  are  8.03,  11.152  and  15.34  meters  each. 

Beam  dynamics  studies  of  the  TRASCO  linac  using  the 
code  described  here,  with  a  number  of  simulation  particles 
ranging  from  few  thousands  to  10\  has  been  already 
reported  in  Refs.  6  and  7. 

In  Figure  3  we  present  the  rms  and  90%  beam 
normalized  emittances  along  the  linac.  The  rms  emittance 
growth  is  less  than  4%  in  all  planes.  The  beam  distribution 
is  well  matched  along  the  linac,  as  shown  by  the  nearly 
constant  behavior  of  the  90%  emittance  curves.  No  sign  of 
particle  drifting  away  from  the  beam  core  can  be  seen 
from  the  phase  space  plots. 


Figure  3:  Normalized  emittances  along  the  linac.  Bottom 
lines  rms  values,  upper  lines  90%  beam  emittance.  The  x 
plane  is  the  solid  line,  the  y  plane  is  the  dashed  line  and 
the  z  plane  (on  the  right  axis)  is  the  dotted  line.  The 
simulation  was  performed  with  10,000  particles. 
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Figure  4:  Ratio  of  the  sizes  containing  different  particle 
populations  (including,  from  bottom  to  top  90%,  99%  and 
99.9%  of  the  beam,  respectively)  to  the  rms  beam  size. 

Another  sign  of  the  absence  of  beam  tail  formation  can 
be  seen  from  Figure  4,  where  we  plot  the  ratio  of  the  size 
containing  90%,  99%  and  99.9%  of  the  beam  to  the  rms 
beam  size.  This  beam  size  fraction  is  approximately 
constant  (averaging  the  numerical  noise  due  to  the  poor 
statistics  on  the  higher  values  of  beam  size  fractions) 
along  the  linac,  and  confirms  that  particles  are  not  drifting 
to  the  tails  of  the  distribution,  as  would  be  the  case  for  a 
charge  redistribution  process,  that  could  give  rise  to  a 
large  beam  halo. 

The  matched  beam  conditions  at  the  linac  input  and  the 
matching  between  the  three  focussing  sections  of  the  linac 
have  been  determined  with  the  linear  dynamics  code, 
TRACE3-D[8].  The  matching  between  the  sections  is 
obtained  using  the  gradients  of  two  quadrupole  doublets 
and  the  synchronous  phase  of  the  cavities  in  two 
cryomodules  at  the  section  interface.  RF  cavities  are 
modeled  in  TRACE3-D  with  a  modified  tank  element 
(type  13),  consistently  with  the  multiparticle  simulations. 

The  phase  advances  per  cell  are  always  lower  than  90 
deg  in  all  linac  sections.  The  phase  advances  per  meter,  as 
computed  by  the  beam  dynamics  code  from  the  rms  beam 
parameters,  can  be  seen  in  Figure  5. 


Figure  5:  Phase  advances  per  meter  (up  triangles:  x,  down 
triangles:  y,  squares:  z)  along  the  linac,  as  computed  from 
the  rms  beam  during  the  simulation.  The  cell  lengths  of 
the  three  sections  are  8.03  m,  11.152  m  and  15.34  m, 
respectively. 


The  rms  beam  envelopes  plotted  in  Figure  6  show  a 
discontinuity  of  the  beam  sizes  at  the  interfaces,  and  a 
small  transverse  mismatch  in  the  third  linac  section 
(visible  also  as  oscillations  in  Figure  5  and  due  to  the 
approximations  of  the  TRACE3-D  matching).  However, 
no  evident  emittance  growth  is  produced  by  these 
discontinuities  and  by  the  beam  mismatch. 
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Figure  6:  rms  beam  sizes  in  the  TRASCO  linac. 

3  CONCLUSIONS 

A  multiparticle  space  charge  code  has  been  developed  for 
high  current  superconducting  proton  linacs  with  elliptical 
cavities.  The  code  uses  an  accurate  cavity  modeling,  that 
reproduces  the  cavity  behavior  in  the  large  velocity  region 
in  which  the  cavities  are  effectively  used.  Space  charge  is 
included  with  a  3D  iterative  Poisson  solver,  based  on 
multigrid  methods. 

The  code  has  been  successfully  used  since  two  years  to 
assess  the  design  of  the  TRASCO  linac. 
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Abstract 

Space-charge  dominated  beams  can  induce  chaotic 
behavior  on  particle  trajectories  leading  to  halo  formation 
on  the  beam  spot.  This  causes  particle  losses  along  the 
beam  transportation  that  must  be  minimized.  The 
fractional  losses  must  be  kept  below  10'7/m.  This  is  a  very 
low  threshold  to  check  with  standard  multiparticle  codes. 
To  study  this  kind  of  problems  a  new  particle  simulation 
approach  will  be  proposed  in  this  paper  in  analogy  with 
the  single  particle  to  core  interaction  model  which  is  the 
most  used  calculation  technique  applied  in  these  kind  of 
phenomena.  In  particular,  a  damping  effect  in  the 
amplitude  oscillations  of  the  beam  envelope,  for  high 
intensity  beam  mismatched  with  a  FODO  cell,  will  be 
shown  and  discussed. 

1  INTRODUCTION 

In  these  last  years,  growing  interest  has  been  addressed, 
from  the  international  scientific  community,  on  the 
possible  applications  of  high  intensity  ion  beams.  Among 
them,  just  as  examples,  we  can  mention  the  energy 
amplifier  proposed  by  C.  Rubbia  XI]  and  the 
transmutations  of  radioactive  waste  12].  However  high 
intensity  beam  transport  poses  problems  those  need  to  be 
faced  and  solved.  In  particular,  a  halo  formation  has  been 
observed  around  high  intensity  beams,  during  the 
transport,  that  leads  to  particle  losses.  For  high  current 
and  energy  beams  the  lost  particles  produce  radio 
activation  in  the  structures  and  the  related  radiation  can 
damage  the  accelerator  components.  Furthermore  the 
radioactivation  makes  the  accelerator  maintenance  very 
difficult  and  expensive.  Because  of  these  problems,  it 
becomes  very  important  to  study  halo  formation 
mechanism  in  the  beam. 

Multiparticle  codes  could  be  very  helpful  to  this  aim  but  it 
is  very  difficult  to  study  this  kind  of  phenomena  by  using 
the  standard  multiparticle  codes  because  the  lost  particle 
fraction,  along  the  transport,  must  be  kept  below  10'7/m 
[3],  This  means  that  the  code  should  use  a  number  of 
particles  of  the  order  of  10*6,  in  the  simulations,  to 
appreciate  this  kind  of  lost  fractions.  This  number  is  very 
high  and  very  powerful  calculators  are  needed  to  handle 
them.  In  fact,  in  these  kinds  of  simulations,  the  space 
charge  force  effect,  because  of  the  high  intensity  beam 
used,  becomes  a  very  important  issue. 


A  new  calculation  technique,  called  Particle  Core  Model 
(PCM)  [4],  has  been  introduced  to  study  the  halo 
formation  without  using  of  very  powerful  computers. 

The  PCM  solves  the  beam  envelope  (or  rms)  equation  for 
a  continuous  beam  that  is  used  as  a  model  for  the  core  of 
the  beam.  The  core  can  be  mismatched  so  that  its  radius, 
taken  at  the  exit  of  the  transport  period  cell,  will  oscillate. 
The  halo  particles  are  represented  by  test  particles,  which 
oscillate  through  the  core,  influenced  by  linear  external 
focusing  field  and  the  non-linear  space  charge  fields  of  the 
core.  The  model  allows  one  to  study  the  dynamics  of  the 
test  particles. 

Although  the  PCM  calculations  allow  studying  the  halo 
formation,  this  is  done  by  assuming  some  approximations 
and  then  their  influence  on  the  PCM  results  should  be 
checked. 

For  that  reason,  a  comparison  test  between  the  PCM 
results  and  the  simulations  of  the  multiparticle  code 
PARMT,  modified  to  allow  a  more  direct  comparison 
with  the  results  of  PCM  calculations,  has  been  carried  out 
in  ref.  [5]. 

In  that  reference,  a  continuous  beam  has  been 
transported  through  hundreds  of  FODO  periodic  cells. 
The  comparison  of  the  simulation  results  obtained  either 
with  the  multiparticle  code  and  PCM  leaded  to  the 
following  conclusions.  PCM  calculations  seem  unsuitable 
to  study  test  particles  taken  near  the  beam  core  region  in 
the  case  of  high  beam  current.  The  discrepancies  found 
between  the  multiparticle  code  and  PCM  results  were 
mainly  due  to  the  following  reason. 

In  PARMT  simulations,  the  breathing  mode 
oscillations,  due  to  the  mismatch  of  the  input  beam  with 
the  periodic  cells,  damp  very  quickly  when  the  space 
charge  is  strong.  In  PCM  calculations,  a  constant 
amplitude  oscillation  of  the  beam  envelope  is,  instead, 
considered. 

In  this  paper,  an  attempt  to  better  understand  the 
mechanism  causing  the  fast  damping  of  the  beam 
breathing  mode  oscillations  observed  in  ref.  [5]  will  be 
done.  Moreover,  further  simulations  on  the  chaotic 
behavior  originating,  in  some  cases,  in  the  test  particle 
trajectories  will  be  also  shortly  shown  and  discussed. 

2  SIMULATIONS 

The  multiparticle  code  PARMT  is  a  Monte  Carlo 
program  that  can  transport  an  ion  beam  through  a  system 
of  optic  elements  by  using  the  matrix  method  [6].  Being 
simulated  a  very  high  number  of  particles,  PARMT  uses  a 
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'Fast  Poisson  Solver'  (FPS)  technique  to  compute  the 
space  charge  electric  field  of  the  ion  beam. 

To  compare  directly  the  PCM  with  the  PARMT  results 
some  modifications  have  been  carried  out  in  the  PARMT 
code.  Mainly,  two  new  features  have  been  introduced  in 
the  program:  1)  an  input  file  with  the  initial  test  particles 
coordinates  that  can  be  read,  if  required,  by  the  main 
program;  2)  N  output  files  (with  N  number  of  test 
particles),  where  the  test  particle  phase  space  coordinates 
along  the  transport  in  the  periodic  cells  (Np)  are  stored. 

The  main  input  file  parameters,  used  in  the  PARMT 
simulations  of  ref.  [5],  are  here  recalled.  In  that 
simulations  we  used  FODO  cell  periods  of  length  L=80 
cm;  transverse  rms  emittances,  ex=ey=  0.25  x  10‘6  mr; 
single  particle  phase  advance  cto=60.7oand  space  charge 
parameter  (as  defined  in  ref  [7])  §=  4x  10'6 
(corresponding  to  1=  95mA  and  |3=0.145). 
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Fig.lTransverserms  beam  size  values  vs  cell  period 
numbers  (Np)  for  the  case  a/o0=0.55. 

Moreover  an  odd  mismatching  of  about  20%  has  been 
added  on  the  initial  beam  size,  in  all  the  simulations. 

The  fast  oscillation  damping  of  the  beam  breathing  mode 
found  in  ref.  [5]  is  presented  in  fig.l.  In  that  figure  the 
related  total  emittance  variation  et,  defined  as 
et=(ex2/ex02+ey2/ey02)1/2,  is  also  shown. 

We  think  that  the  damping  effect  of  the  fig.l  can  be 
ascribed  to  the  Landau  mechanism  of  stabilization  that 
can  occur  when  a  very  large  number  of  oscillators,  which 
are  the  same  but  for  their  natural  frequency,  are  excited  by 
an  external  force. 

This  mechanism  is  already  used  in  accelerator  physics  to 
explain  the  Keil-Schnell  stability  criterion  [8],  In  fact,  if 
one  injects  a  very  cool  beam  in  accelerator  machine,  the 
microwave  instability  develops.  The  beam  momentum 
spread  blows  up  to  a  point  when  Landau  damping  gets 
strong  enough  to  stabilize  the  unstable  motion.  The  Keil- 
Shnell  criterion  gives  the  minimum  energy  spread,  that  is 
betatron  frequency  spread,  for  stability.  The  Landau 
damping  is  a  stabilizing  effect  connected  with  the 
frequency  spread  [9]. 

To  clarify,  shortly,  the  Landau  damping  mechanism, 
consider  a  set  of  oscillators,  with  a  frequency  distribution 
f((Op),  coupled  to  a  harmonic  excitation  of  frequency  to. 


The  response  of  the  set  to  the  excitation  can  be  seen  by 
the  center-of-charge  velocity  of  the  set  [10]: 


(y>  =  Ge* 


-  iPVj  -do) 


(Op -CO 


(1) 


where  PV  means  Principal  Value  integral  and  G  is  the 
amplitude  of  the  harmonic  excitation. 

This  response  has  a  real  part  for  which  the  velocity  and 
the  excitations  are  in  phase  and  an  imaginary  part,  where 
they  are  out  of  phase,  indicating  no  energy  exchange.  The 
real  part  term  indicates  that  the  beam  absorbs  energy  from 
the  exciting  signal.  Since  the  beam  particles  absorb  energy 
this  can  lead  to  the  damping  of  the  coherent  oscillation 
that  is  often  called  Landau  damping.  From  the  equation 
(1)  it  can  be  noticed  that  the  real  term  is  proportional  to 
the  density  of  the  frequency  distribution,  f(top),  in  the 
region  of  the  excitation  frequency  to.  Then  a  condition  to 
obtain  an  effect  of  Landau  damping  is  that  the  exciting 
frequency  lies  inside  the  incoherent  frequency 
distribution.  Furthermore,  we  have  to  add  from  ref.  [10], 
that  the  equation  (1)  is  only  correct  if  the  excitation  has 
lasted  for  a  long  time.  How  long  this  time  has  to  be 
depends  on  the  shape  of  the  frequency  distribution  f((Dp) 
considered.  If  this  distribution  does  not  change 
significantly  over  a  frequency  range  of  A(0p,  around  co,  it 
is  sufficient  to  excite  for  a  time  x»l/A(op.  This  means 
that  all  the  oscillators  with  frequency  inside  Acop  ,in  the 
time  X,  are  still  responding  positively  to  the  exciting  force. 
Then  to  have  a  large  period  of  interaction  between  the 
exciting  force  and  the  oscillators  we  need  a  large  Acop.  In 
conclusion,  the  Landau  damping  mechanism  applies  only 
if  we  have  oscillators  with  an  enough  large  frequency 
spectrum  that  cover  the  exciting  frequency. 

To  interpret  the  behavior  of  fig.l  we  need  to  make  some 
preliminary  considerations. 

The  beam  particles,  in  the  reference  particle  system,  can 
be  seen  as  a  set  of  oscillators  that  oscillate  with  their 
betatron  frequency  because  of  the  focusing  forces.  When 
the  beam  particles  have  a  certain  momentum  spread, 
because  of  the  cromaticity,  they  will  have  also  a  betatron 
frequency  spread.  In  general,  this  frequency  spread  tends 
to  be  very  small,  but  when  we  have  a  space  charge 
dominated  beam  (Kr2/4s»l[ll],  see  below  for  the 
symbol  meaning)  it  enlarges  very  much.  The  space  charge 
tune  depression  g/g0  in  the  case  of  the  simulations  shown 
in  fig.l  was  0.55.  This  means  that  the  most  inner  beam 
particles  will  still  have  a  phase  advance  o0  of  60.7°,  that 
is,  a  betatron  frequency  cop  of  about  58  MHz,  while  the 
most  external  beam  particles,  filling  the  whole  space 
charge  force,  will  have  a  phase  advance 
O=0.55(60.7°)=33.4°,  that  is  cop=31.6MHz.  On  the  other 
hand,  when  a  space  charge  dominated  beam  is 
mismatched  with  the  focusing  periodic  cell,  the  beam 
itself  starts  to  oscillate  in  a  breathing  mode  with  the 
plasma  frequency  cop: 
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(0.  =  (Kp2c2/2r2)W2 where  K  = - - — T 

p  x  H  1  2ne0y3p2mc3 

and  r  is  the  beam  radius.  In  the  case  simulated,  in  fig.l  (0P 
is  about  51  MHz.  In  these  conditions  Landau  damping  can 
occur.  In  fact,  there  is  a  harmonic  excitation  given  by  the 
breathing  mode  oscillation  of  the  beam  envelope  and  a 
large  set  of  oscillators,  the  beam  particles  oscillating  with 
a  large  betatron  frequency  spectrum.  From  that  figure,  it 
can  be  noticed  that  the  coherent  oscillation  energy  is 
transferred  to  the  incoherent  oscillations  of  the  beam 
particles.  During  the  damping  of  the  breathing  oscillation 
there  is  a  slight  increase  of  the  total  emittance  variation. 
At  the  end,  we  can  say  that  the  energy  involved  in  this 
process  is  dissipated  from  a  coherent  motion  to  the  very 
high  number  of  degrees  of  freedom  of  the  system.  When 
this  damping  process  is  finished,  the  beam  reaches  the 
matched  size  and  no  further  increase  of  emittance  is 
observed. 


Fig.2  Transverse  rms  beam  size  values  vs  cell  period 
numbers  (Np)  for  the  case  ct/ct0= 0.29  (I=200mA). 

In  fig.2  are  shown  simulation  results  with  an  increased 
space  charge  tune  depression,  a/a0= 0.29.  In  this  case,  it 
can  be  noticed  that  only  some  part  of  the  beam  particles  is 
involved  in  the  Landau  damping  process.  In  fact,  now  the 
plasma  frequency  is  about  56  MHz  and  the  lowest 
betatron  frequency  is  about  16  MHz.  For  this  reason  the 
part  of  the  beam  particles  that  have  betatron  frequencies 
too  far  from  the  plasma  frequency  interact  very  weakly 
with  the  coherent  oscillation  and  then  the  breathing  mode 
oscillation  is  only  partly  damped.  In  fig.3  is  shown  the 
case  of  emittance  dominated  beam  (Kr2/4e«l)  where  no 
energy  exchange  occurs  between  the  breathing  mode  and 
the  betatron  oscillations  and  emittance  remain  constant. 


Fig.3  Transverse  rms  beam  size  values  vs  cell  period 
numbers  (Np)  for  the  case  o>/a0=0.89  (I=0.5mA). 


The  test  particle  trajectories  considered  in  ref.[5]  to  detect 
the  chaotic  motion  which  is  responsible  of  beam  halo 
generation,  showed  only  coupling  between  the  transverse 
planes  but  remained  confined  inside  their  original 
positions.  Those  test  particles  started  from  near  the  beam 
core,  where  rms  oscillations,  due  to  mismatching,  occur 
but  through  the  damping  the  beam  readjusted  itself  at 
matching  conditions  very  soon.  Maybe,  considering,  in 
those  simulations,  a  larger  number  of  test  particles  some 
chaotic  trajectories  had  could  be  found. 

Chaotic  motions  have  been  found  in  the  test  particle 
trajectories  considered  for  the  case  of  a  space  charge 
dominated  beam  with  cs0>90owhere  envelope  instabilities 
occur  [11],  In  fig. 4  are  shown  trajectory  results  for  those 
test  particles  starting  from  near  the  beam  core  at  a  position 
around  x=0.2cm  (the  same  of  ref.[5]).  It  can  be  noticed 
that,  although  the  shown  test  particles  initial  conditions 
differ  only  of  few  microns  they  have  completely  different 
phase  trajectories  (chaotic  behavior).  Furthermore  the 
chaotic  test  particles  oscillate  between  0.2-0.5  cm 
originating  a  beam  halo  size  greater  than  0.5  cm. 


Fig.4  Chaotic  test  particle  trajectories  in  phase  space  xx’. 


3  CONCLUSIONS 

The  fast  damping  of  the  breathing  mode  oscillation 
occurring  in  mismatched  beam  space  charge  dominated 
can  be  ascribed  to  a  Landau  damping  mechanism  of 
stabilization.  No  test  particle  with  chaotic  motion  has  been 
found  when  fast  damping  of  mismatched  oscillation 
occurred. 
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SPACE  CHARGE  EFFECT  ON  EMITTANCE  EXCHANGE  BY  SKEW 

QUADRUPOLES 

G.  Franchetti*,  I.  Hofmann,  GSI,  Darmstadt,  Germany 
Abstract  1.1  Coherent  Effect 


For  high  current  synchrotron  SIS  it  is  crucial  to  improve 
the  multitum  injection  efficiency.  We  study  active  emit- 
tance  exchange  due  to  a  second  order  (skew  quadrupole) 
difference  resonance  which  is  modified  by  the  presence  of 
space  charge.  We  start  from  an  analytical  expression  for  the 
coherent  tune  shift  of  this  resonance  and  compared  it  with 
computer  simulation  for  the  SIS  synchrotron  lattice  includ¬ 
ing  self-consistent  space  charge  calculation.  The  critical 
issue  is  the  ratio  of  incoherent  space  charge  tune  shift  and 
resonance  width.  We  apply  the  results  of  simulation  to  the 
horizontal  multitum  injection  process  with  space  charge 
and  find  an  improvement  of  the  injection  efficiency  from 
65  %  to  84  %  (with  a  correspondent  increase  of  the  vertical 
emittance)  in  a  typical  example. 

1  SPACE  CHARGE  EFFECTS  IN  THE 
LINEAR  COUPLING 

One  limitation  of  multiturn  injection  schemes  is  the  loss 
of  particles  hitting  the  vertical  septum  and  vertical  accep¬ 
tance.  A  skew  quadrupole  couples  the  transverse  planes 
exciting  a  difference  resonance.  When  the  bare  tune  is  on 
such  a  resonance,  horizontal  oscillation  energy  is  transfered 
to  the  vertical  plane  and  the  horizontal  amplitude  of  the 
injected  particle  will  diminish  during  the  few  revolutions 
of  the  multi  turn  injection.  This  effect  can  be  exploited  to 
move  particles  away  from  the  septum,  thereby  improving 
the  injection  efficiency.  As  reported  in  [1]  for  a  single  par¬ 
ticle  case,  if  the  bare  tunes  are  on  a  difference  resonance 
qx o  —  Qy0  =  1  —  6  with  <5  <<  1  and  if  the  initial  vertical 
emittance  is  zero,  then  the  emittance  exchange  is  described 
by  the  formula 

4Q2  sin2  0  ,fX 

f-x  —  Cio  £2  _|_  4Q2  £x°  HI 

Here,  0  =  2k Nt  ffS2 /A  +  Q2C  and  ex  +  ey  =  const  with 
initial  values  eXo  and  eyo  =  0,  where  ex,  ey  are  the  instan¬ 
taneous  Courant  Snyder  invariants,  Qc  =  ff0xPyj /(4k), 
Nt  is  the  number  of  turns,  and  j  is  the  integrated  strength 
of  the  skew.  We  can  define  the  bandwidth  6b  of  the  reso¬ 
nance  as  the  5  where  the  number  of  turns  for  a  complete 
exchange  is  half  of  the  number  of  turns  nt  needed  for  an 
exchange  in  the  center  of  the  resonance.  It  is  straightfor¬ 
ward  to  find  6b  =  V3/nt  correspondent  to  the  maximum 
exchange  of  eI0  /4. 
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A  crucial  issue  is  the  effect  of  the  space  charge  on  the  parti¬ 
cle  dynamics.  The  linear  coupling  produces,  when  the  res¬ 
onance  condition  is  satisfied,  a  coherent  effect  on  the  beam 
which  exchanges  the  two  beam  sizes.  When  space  charge  is 
present  it  excites  a  coherent  tilting  eigenmode  with  eigen- 
frequency  uj.  This  corresponds  to  qXo  —  qyo  in  the  absence 
of  space  charge  in  which  case  the  resonance  condition  is 
w  =  Qx0  ~  Qy0  =  1-  Keeping  w  =  1  as  the  resonance  con¬ 
dition  we  can  write  for  finite  space  charge  by  introducing  a 
coherent  tuneshift  Acj 

u>  =  qx  -  qy  +  A u  =  1  (2) 

where  qx  =  qXo  -  A qx  and  qy  =  qyo  -  A qy  with 
Aqx,Aqy  the  incoherent  tuneshifts.  By  using  the  defini¬ 
tions  op  =  u)p/ vx  ,  a  =  t'y/r'i ,  r]  =  a/b  where  lop  is  the 
’’beam  plasma  frequency”  and  a,  b  are  the  semiaxis  of  the 
confining  ellipse,  the  eigenfrequency  of  the  tilting  mode 
is  characterized  by  the  dimensionless  coherent  frequency 
a  =u)/vx  which  results  in  the  dispersion  relation  [2] 

fj.  (  (l-a)(l-r?2/q)  (l  +  q)(l  +  7?2/a)  \ 

2  y  (1  —  a)2  -  o2  (1  +  a)2  —  cr2  J 

(1  +  rj)2  =  0.  (3) 

We  compared  the  prediction  of  the  theory  with  simulations 
for  the  frequency  of  the  eigenmode  using  for  few  revolu¬ 
tions  the  skew  quadrupole  to  excite  the  tilting  eigenmode. 
A  coasting  beam  under  the  action  of  a  skew  kick  tuned  to 
exchange  in  40  turns  has  been  tracked  for  five  turns  and 
afterwards  the  skew  was  turned  off  to  stop  the  exchange 
while  the  simulation  continued.  The  coasting  beam  has 
been  tracked  for  274  turns,  each  cell  of  the  SIS  has  been 


Figure  1:  Comparison  between  analytical  model  (dashed- 
line)  and  simulations  (solid-line). 
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divided  in  20  steps  of  space  charge  calculation,  the  hori¬ 
zontal  emittance  has  been  kept  constant  to  exo  =  200  mm 
mrad  and  the  current  of  the  beam  was  /  =  140  mA.  At 
each  step  the  quantity  xy,  typical  for  the  skew  rotation,  has 
been  calculated  and  Fourier  analyzed  to  determine  u.  In 
Fig.  1  we  plot  the  theoretical  prediction  according  to  Eq.3 
(dashed-line)  and  the  results  from  simulation  (solid  line) 
for  the  quantity  Aui/Aqy  showing  reasonably  good  agree¬ 
ment.  In  order  to  understand  the  effect  of  the  space  charge 
we  split  the  eigenfrequency  u  =  ui  +  8ojsc  in  a  lattice 
component  loi  =  qXo  —  qyo  and  in  a  space  charge  compo¬ 
nent  8u)sc  =  —A qx  +  Aqy  +  Aw.  Analogous  to  the  single 
particle  theory  we  define  the  shift  from  the  resonance  as 
8  =  1  —  w.  However  since  the  space  charge  component 
8usc  changes  according  to  the  emittance  exchange  the  rel¬ 
evant  quantity  which  describes  the  dynamical  regime  of  the 
beam  evolution  is  8usc/8b.  Considering  at  the  time  t  =  0 
a)  =  1  we  can  distinguish  the  evolution  of  the  beam  be¬ 
tween  a  weak  space  charge  regime  if  Su>3C/Sb  <<  1  and  a 
strong  space  charge  regime  8usc/8b  »  1  where  the  fast 
change  of  8oj3C  drives  oscillations  of  6  up  to  the  border  of 
the  resonance  limiting  the  exchange.  The  maximum  fluc¬ 
tuation  of  Sujsc  is  expected  to  be  of  the  order  of  2  Sb. 


1.2  Strong  Space  Charge  Regime 

In  a  strong  space  charge  regime  the  dynamics  of  the  ex¬ 
change  is  strongly  nonlinear.  We  simulate  this  case  for  a 
beam  with  ex  =  195  mm  mrad,  ey  =  4  mm  mrad  and  a 
current  I  =  160  mA.  Using  the  results  of  Fig.  1,  according 
to  the  previous  definition,  the  initial  space  charge  eigenfre¬ 
quency  component  is  8uisc  =  0.12  and  since  8b  =  0.02 
we  find  8wsc/8b  ~  6.  We  expect  consequently  a  strong 
deviation  in  the  emittance  exchange  described  by  Eq.  1. 
We  investigated  this  effects  repeating  the  same  simulation 
with  identical  initial  condition  but  different  qyo ,  changing 
in  this  way  the  initial  resonance  condition.  We  distinguish 
between  the  initial  eigenfrequency  below  the  resonance 
(5  <  0)  and  above  the  resonance  (8  >  0).  According  to 
the  condition  w  =  1  the  center  of  the  resonance  is  expected 
to  be  at  qya  =  3.41,  but  Fig.  2  shows  that  the  exchange 
is  strongly  affected  whether  the  resonance  is  reached  from 
below  or  above.  When  the  resonance  is  approached  from 
below.  Fig.  2b  shows  the  existence  of  two  regimes:  one  of 
small  oscillations  of  ui  and  small  exchange;  and,  for  slightly 
higher  working  point  w  sweeps  through  the  whole  stopband 
consistently  with  a  much  bigger  emittance  exchange.  In 
this  case  the  evolution  of  the  exchange  is  not  the  same  as 
described  in  Eq.  1  because  of  the  dynamical  change  of  the 
resonance  condition.  Figs.  2c-f  show  a  slow  decrease  of  the 
exchange  for  increasing  values  of  qyo  that  we  interpret  as 
a  reduction  of  the  swept  area  by  u  in  the  bandwidth.  The 
asymmetry  of  the  exchange  with  respect  to  the  case  <5  =  0 
is  the  stronger  the  bigger  is  the  initial  ratio  8cjsc/8b. 


Figure  2:  Strong  space  charge  regime  for  1=160  mA.  a)- 
f)  show  the  emittance  exchange  for  increasing  qyo .  b)  has 
been  tracked  for  100  turns  to  show  the  deviation  of  the  ex¬ 
change  from  the  single  particle  theory  Eq.  1. 

2  MULTITURN  INJECTION 
SIMULATIONS 

In  this  section  we  present  a  study  on  the  multiturn  injection 
with  skew.  We  model  the  SIS  injection  under  somewhat 
idealized  condition  assuming  the  injection  where  ax  =  0, 
reducing  in  such  a  way  the  septum  losses.  The  multitum 
injection  scheme  is  modeled  by  a  shift  of  the  septum  corre¬ 
spondent  to  the  distance  between  septum  and  bumped  or¬ 
bit.  At  each  turn  the  septum  has  been  shifted  outward  by 

the  amount  Ax  =  \J ex,maxPx/Nt,  therefore  its  position  at 
the  nth  turn  with  respect  to  closed  orbit  is  xsept.  =  Ax  n. 
The  septum  scrapes  all  the  particles  satisfying  the  condi¬ 
tion  x  >  x3ept..  The  acceptance  is  also  simulated  re¬ 
moving  all  the  particles  satisfying  x2 /A2  -I-  y2/B 2  >  1, 
where  A  =  50.5  mm  and  B  =  26  mm.  The  multitum  in¬ 
jection  takes  place  in  40  turns,  each  beamlet  injected  has 
ex  =  ty  =  4  mm  mrad  with  a  current  of  I  =  4  mA. 
The  ions  used  have  Z  =  28,  A  =  238  and  are  injected 
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at  1 1 .4  MeV/u.  In  the  simulation  each  beamlet  is  described 
by  Nf,  =  100  macroparticles  and  the  space  charge  is  cal¬ 
culated  in  a  model  of  ellipsoidal  symmetry  [3],  Figs.  3a, b 
show  the  emittance  increase  for  qxo  =  4.29,  qyo  =  3.29 
and  nt  =  8.  Here  nt  is  a  dimensionless  measure  for  the 
strength  of  the  skew.  It  is  defined  as  the  number  of  turns 
required  for  a  complete  exchange  of  e  in  the  center  of  the 
resonance.  Fig.  3c  shows  for  the  same  setting  the  efficiency 
of  the  injection  N/(Ni,n),  the  losses  on  the  septum,  and 
on  the  acceptance,  ( N  is  the  number  of  macroparticles  in¬ 
side  the  ring).  The  losses  up  to  20  %  on  the  septum  after  4 
turns  (change  in  the  slope  of  ex  in  Fig.  3a)  can  be  explained 
by  the  initially  small  distance  between  septum  and  closed 
orbit.  After  ~  20  turns,  due  to  the  high  strength  of  the 
skew,  losses  on  the  acceptance  begin  (in  Fig.  3b  ey  stops  its 
growth).  At  the  10th  turn  I  =  32  mA,  Sljsc  =  0.024  which 
leads  to  the  shift  from  the  resonance  of  8  —  —0.024.  By  us¬ 
ing  Eq.  1  the  maximum  exchange  is  6t/eXo  =  0.96  which 
is  obtained  in  4  turns  and  10th  beamlet  would  be  lost  on  the 
acceptance  if  eXo  =  51.  Because  eXo  =  50  mm  mrad  the 
beginning  of  the  acceptance  losses  at  22  turns  instead  of  15 
must  be  attributed  at  the  correction  to  Eq.  1  which  is  hold 
only  for  eyo  =  0.  Fig.  3d  shows  the  multiturn  injection  for 
qXo  =  4.4  and  nt  =  8.  In  this  case  space  charge  reduces 
the  exchange.  Let’s  consider  again  the  beamlet  injected 
after  10  turns,  the  closer  to  the  resonance  line  which  has 
eXo  —  50  mm  mrad.  Repeating  the  previous  calculation  we 
find  that  it  is  lost  if  eXo  —  105  mm  mrad  and  since  this  emit¬ 
tance  gap  cannot  be  provided  by  the  finite  horizontal  emit¬ 
tance,  the  acceptance  losses  are  not  present.  The  drawback 
is  the  increase  of  the  septum  losses  since  the  skew  is  insuf¬ 
ficient  to  keep  the  injected  beamlet  away  from  the  septum. 
Fig.  3e  shows  a  contour  plot  of  the  efficiency  of  multiturn 
injection  for  different  horizontal  tunes  and  skew  strength 
and  no  space  charge.  We  only  plot  the  working  points 
with  integrated  efficiency  exceedings  65  %  (outer  bound¬ 
ary),  where  each  contour  line  corresponds  to  an  increment 
of  1.7  %.  Note  that  the  efficiency  region  exceeding  65  % 
disappears  with  nt  exceeding  30.  The  efficiency  maximum 
of  84  %  is  centered  at  qx  =  4.4, nt  =  8,  where  the  emit¬ 
tance  transfer  horizontal  to  vertical  just  matches  the  vertical 
acceptance.  Fig.  3f  shows  the  effect  of  the  space  charge. 
The  84%  efficiency  in  qx  =  4.4,  nt  =  7  is  close  corre¬ 
spondent  peak  in  Fig.  3e  since  the  bandwidth  6b  =  0.21 
is  very  large  and  6usc  ~  0.09,  so  <Jwsc/<56  ~  0.42.  In 
nt  =  18  this  ratio  become  1,  hence  the  space  charge  shift 
on  the  optimum  working  point  must  be  taken  into  account. 
Fig.  3e  suggests  that  the  off-resonance  value  w  ~  1.1  is 
without  space  charge.  Maintaing  the  same  condition  with 
space  charge  requires  shifting  qxo  by  -0.1,  which  agrees 
roughly  with  the  estimate  of  section  1.1. 


Figure  3:  Multiturn  injection  simulations  for  SIS  with  skew 
quadrupole.  a),b)  horizontal  and  vertical  emittance  with  an 
qxo  =  4.29,  qyo  =  3.29  and  skew  strength  correspondent 
to  nt  =  8;  in  c)  injection  efficiency  for  the  same  settings 
in  a),b);  d)  Integrated  efficiency  for  qxo  =  4.4,  qyo  =  3.29 
and  nt  =  8;  e)  Integrated  efficiency  after  40  turns  in  ab¬ 
sence  of  space  charge  for  qyo  =  3.29;  f)  Efficiency  as  in  e) 
but  with  space  charge. 


strength  and  shift  of  the  working  point  are  applied.  These 
results  should  be  further  optimized  with  a  more  accurate 
space  charge  calculation  for  detailed  injection  conditions. 
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3  OUTLOOK 


From  the  discussion  on  the  coherent  space  charge  effect 
we  find  that  in  the  multiturn  injection  a  gain  up  to  19  % 
is  still  possible,  with  space  charge,  if  an  appropriate  skew 
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Simulations  of  axial  bunch  compression  in  heavy-ion  rings 
have  been  carried  out  as  part  of  a  feasibility  study  for  gen¬ 
erating  intense  beams  in  a  facility  at  GSI.  The  compression 
is  implemented  by  a  fast  rotation  of  the  longitudinal  (||) 
phase  space  and  results  in  greatly  increased  transverse  (_L) 
space-charge  strength  while  the  bunch  is  compressed  in  a 
dispersive  ring  from  an  initial  prebunch  with  a  ||  momen¬ 
tum  spread  of  A p/p  ~  10-4  (full  half-width)  to  a  final 
spread  of  A p/p  ~  1%  at  the  final  focus  optic.  The  need 
to  maintain  beam  quality  during  the  compression  results  in 
numerous  issues  that  are  explored  with  PIC  simulations. 

1  INTRODUCTION 

Plasma  physics  experiments  at  GSI  are  being  designed 
to  produce  dense,  large-volume  plasmas  with  heavy-ion 
beams  for  use  in  general  scientific  research  and  in  ex¬ 
ploring  target  issues  in  Heavy-Ion  Fusion.  These  applica¬ 
tions  require  high  beam  intensity  on  target  with  small  focal 
spots  and  short  pulse  durations.  Overall  system  configu¬ 
rations  under  consideration  to  achieve  the  needed  parame¬ 
ters  are  discussed  in  a  related  paper1.  Here,  we  examine 
the  final  ||  bunching  needed  to  achieve  such  high  inten¬ 
sities.  Economic  considerations  dictate  that  the  bunching 
is  best  carried  out  in  a  ring  using  a  fast  rotation  of  the  || 
phase-space.  Parameters  for  18  T-m  and  100  T-m  compres¬ 
sor  rings  (CR-18  and  CR-100),  which  represent  a  range 
of  bunching  options,  are  summarized  in  Table  1 .  Bunch¬ 
ing  rings  with  similar  compression  physics  are  also  un¬ 
der  development  at  RIKEN  and  ITEP.  The  bunching  wave¬ 
forms  needed  for  these  options  are  consistent  with  conven¬ 
tional,  low-frequency  magnetic  alloy  RF  ’’cavities”  or  new, 
high  repetition  rate  induction  cells  developed  at  LLNL2. 
For  cavity/cell  superpositions  that  approximate  ideal,  lin¬ 
ear  bunching  waveforms,  little  difference  is  expected  in 
the  physics  of  bunching  implemented  by  RF  and  induction 
technologies2.  Thus,  here  we  assume  linear  RF  bunching. 

2  SIMULATIONS 

A  hierarchy  of  simulations  with  increasing  model  de¬ 
tail  has  been  developed  to  investigate  the  compression  of 
a  bunch  of  N  particles  of  rest  mass  m  and  charge  q  moving 
in  a  ring  of  radius  R  about  a  coasting,  synchronous  particle 
with  ||  kinetic  energy  £s  =  (7S  -  l)mc2.  Here,  c  is  the 
speed  of  light  in  vacuo,  and  Is  =  1/ \A  -  Ps>  where  PsC 
is  the  ||  velocity  of  the  synchronous  particle. 

2.1  Envelope  Simulations 

Parametric  changes  associated  with  ideal  bunch  com¬ 
pressions  are  first  analyzed  with  a  simple  envelope  model. 
In  this  model,  continuous  bending  (ring  radius  R )  and 
-L  and  ||  focusing  are  assumed  along  with  linear  par¬ 
ticle  equations  of  motion  consistent  with  a  ||  Neuffer 
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Table  1 :  Ring  parameters  and  envelope  model  results. 


Parameter 

CR-18 

CR-100 

Ion 

U&8 

TT+4 

u238 

Ring  Radius,  R  [m] 

34.49 

157 

Ring  Lattice  Periods,  M 

12 

60 

Pipe  Radius,  rp  [cm] 

10 

10 

_L  Tunes,  Qoxy’Qoy 

4.2,  3.4 

10.8, 9.7 

Particle  K.E.,  £s  [MeV/u] 

200 

127 

Particle  Number,  N 

2xlOn 

8.5  xlO12 

-L  Emittances,  ex  =  ey  [mm-mr] 

10 

20 

II  Emittance,  e?  fm-mrl 

16.8 

20.7 

Envelope  Model  Results 

RF  Voltage  (h  =  1),  V  [kV] 

560 

3000 

Laps  for  Compression 

59.475 

49.412 

Prebunch,  1/2  Ring,  Mid-Pulse 

Tune  Depression,  cr/<Jo 

0.978, 

0.994, 

Momentum  Spread  Ap/ p 

5xl0-4 

1.1  xl0~4 

Full  Compression,  Mid-Pulse 

Pulse  Duration  rp  [ns] 

32 

39 

Time  Depression,  cr/uo 

0.652 

0.592 

Time  shift,  A  Q 

-1.32 

-4.18 

Momentum  Spread  A  p/p 

0.01 

0.01 

distribution  and  a  _L  matched,  KV  distribution.  The 
line-charge  density  within  the  bunch  is  parabolic  with 
A  oc  1  —  ( Sz/rz )2,  where  6z  is  the  ||  coordinate  rel¬ 
ative  to  the  synchronous  particle  and  the  ||  bunch  ra¬ 
dius  rz  evolves  according  to  the  envelope  equation 

r”  +  Hsrz  ~  ; 1  =  0.  (1) 

z  z 

Here,  primes  denote  d/ds,  where  s  is  ||  propagation  dis¬ 
tance  of  the  bunch,  kos  is  the  synchrotron  wavenumber  in 
the  linear  RF  approximation,  K\\  is  the  space-charge  per- 
veance  (dimension  length),  and  ey  =  const  is  the  rms  emit- 
tance.  More  explicitly,  &qs  =  qVh\r]\/ (2nR2'ysl3^mc2) 
for  an  RF  cavity  operating  on  harmonic  h  (h  =  number 
of  bunches)  with  a  maximum  voltage  gain  per  turn  of  V, 
it'd  =  2>gq2N\r)\l(2'yl(3‘lme2)  where  g  is  an  average  of 
the  geometric  factor  g  =  1/2  +  2  In (rp/rb)  (rp  and  rb 
are  the  ±  pipe-radius  and  bunch  radius  of  the  matched 
KV  beam;  g  includes  weak  _L  /  ||  coupling2),  and  ey  = 
\r]\rzAp/p  =  const  where  A p/p  is  the  half-width  of  the  || 
distribution  in  the  fractional  particle  off-momentum  Sp/p. 
Here,  T)  =  1/7/  —  I/72  <  0  is  the  ’’slip  factor”  with  tran¬ 
sition  gamma  —  Qox  [Qox  and  Qoy  are  the  horizontal 
(x-plane)  and  vertical  (y-plane)  undepressed  tunes]. 

The  envelope  equation  (1)  is  integrated  from  an  initial 
(s  =  0)  prebunch  to  estimate  parametric  changes  due  to  a 
compression  induced  by  a  sudden  increase  in  RF  voltage 
V.  Results  are  shown  in  Fig.  1  as  a  function  of  ring  laps 
[s/ (2nR)]  for  CR-18  parameters,  a  single  bunch  ( h  =  1), 
and  a  half-ring  prebunch  ( rz  =  ttR/2).  Results  of  this 
compression  and  an  analogous  one  for  CR-100  are  sum¬ 
marized  in  Table  1 .  The  compression  corresponds  to  a  90° 
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rotation  of  the  initial  phase-space  ellipse  and  takes  place 
in  59.475  laps  [59.475  >  (1/4 )/(Rks0)  =  59.147  due 
to  space-charge].  As  the  full- width  pulse  duration  rp  = 
2 rz/((38c)  decreases,  the  X  space-charge  becomes  stronger 
as  measured  by  the  decrease  in  ct/cto  (c  and  ao  are  the 
phase  advance  per  lattice  period  of  X  particle  oscillations 
with  and  without  space-charge)  or  the  increase  in  tune  shift 
A Q  =  (1  &/(To)kpoR,  where  kpo  =  (Qxo  +  Qyo)/(2R). 
This  increase  in  space-charge  strength  occurs  rapidly  over 
the  final  phase  of  the  rotation  and  is  accompanied  by  a 
large  increase  in  the  momentum-spread  width  of  the  distri¬ 
bution,  A p/p.  This  spread  contains  a  coherent  component, 
(Ap/p)\c  =  (r'z/\ri\)(5z/rz),  that  nulls  at  full  compression 
(upright  phase-space  ellipse  with  r'z  =  0)  and  an  incoherent 
component,  (Ap/p)\ic  =  d=[e,|/(| p\rz)]y/l  -  ( 8z/rz )2, 
associated  with  the  increasing  local  thermal  spread.  These 
spreads  vary  along  bunch  axis,  ranging  from  all  incoherent 
at  mid-pulse  ( 8z  =  0),  to  all  coherent  at  the  bunch  ends 
(Sz  =  ±r2),  and  both  coherent  and  incoherent  in-between 
(plotted  at  1/4  pulse,  Sz/rz  =  1/2).  The  compression  is 
timed  such  that,  shortly  before  full  compression,  the  bunch 
is  extracted  from  the  ring  into  an  extraction  line  for  trans¬ 
port  to  the  target.  The  RF  voltages  V  are  set  for  mid-pulse 
(A  p/p)ic  =  1%  at  full  compression,  corresponding  to  the 
chromatic  focusing  limit  of  the  final  focus  optic.  Since  this 
envelope  model  is  only  consistent  with  linear  focusing,  the 
linear  RF  voltage  V  must  be  interpreted  in  terms  of  har¬ 
monic  cavity  superpositions  (requiring  additional  RF  volt¬ 
age)  sufficient  to  suppress  nonlinear  phase-space  wrapping 
consistent  with  the  prebunch  extent  in  the  phase  of  the  fun¬ 
damental  RF  harmonic2. 


Figure  1 :  Envelope  model  of  bunch  compression  (CR- 18). 


2.2  PIC  Simulations 

The  combination  of  strong  X  space-charge  and  large  mo¬ 
mentum  spread  in  the  ring/extraction  line  lead  to  issues 
in  maintaining  X  beam  focusability  (limiting  emittance 
growth)  that  are  being  explored  with  2d  and  3d  electrostatic 
PIC  simulations  based  on  the  WARP  code  of  LLNL3  and 
several  GSI  codes.  These  simulations  include  lattices  with 
varying  levels  of  detail,  a  proper  treatment  of  dispersion, 
and  self-consistent  space-charge  fields.  Presented  here  are 
X  2d  mid-pulse  (Sz  =  0)  simulations  with  a  symmetric 
FODO  lattice  for  X  focusing  (occupancy  of  quadrupoles 
and  dipoles  are  25%  and  15%  of  the  lattice  period,  respec¬ 
tively,  with  tunes  Qx o  ~  Qy o  equal  to  the  mean  of  those  in 


Table  1),  and  compression  implemented  by  continuously 
adjusting  the  particle  weights  and  momentum  deviations 
consistent  with  the  envelope  model.  The  initial  prebunch  is 
modeled  by  loading  an  rms  matched  X  semi-Gaussian  (uni¬ 
form  density  and  temperature)  and  a  ||  Gaussian  momen¬ 
tum  spread  (rms  Neuffer  equivalent)  distributions  and  then 
advancing  the  coasting  beam  many  laps  to  allow  relaxation 
of  the  loaded  distribution  due  to  weak  space-charge  and 
dispersive  effects  in  the  ring.  These  mid-pulse  simulations 
model  the  region  of  strongest  space-charge  and  momentum 
spread,  and  are  structured  to  explore  physics  issues  as  op¬ 
posed  to  detailed  design  evaluations. 

The  rms  emittance  (ex  =  4[(x2)(x'2)  —  (xx')2]1/2,  etc.) 
evolution  is  shown  in  Fig.  2  for  a  1 80°  phase-space  rotation 
in  the  CR-18  lattice  with  zero  (small  N)  and  full  current. 
At  peak  compression  (90°,  59.475  laps),  the  in-bend-plane 
x-emittance  undergoes  a  large  increase,  whereas  the  out- 
of-bend  y-emittance  undergoes  a  smaller,  nonlinear  space- 
charge  driven  increase.  The  thickness  of  the  x-emittance 
trace  indicates  the  amplitude  of  emittance  oscillations  at  the 
lattice  and  betatron  frequencies  that  result  from  dispersion 
and  the  distribution  being  dispersion  mismatched  due  to  the 
bunch  compression,  respectively.  To  better  understand  this, 
the  x-particle  equation  of  motion  is  well  approximated  by 


x"  + 


(  1  Xzi 

(P7  l+i5 


+ 


1+5  ^  1+5  ) 


5  1 
1+5  p 


qd<t>/dx 

m-yZpic2’  W 


where  5  =  Sp/p,  p  is  the  local  bend  radius,  Kq  = 
(dBy/dx)/[Bp\  is  the  X  focusing  strength  of  the  mag¬ 
netic  quadrupoles,  and  (j>  is  the  self-field  potential.  Ne¬ 
glecting  space-charge,  chromatic  effects  [k9/(1  +  S)  -+ 
k9],  and  higher-order  dispersive  effects,  de2  /ds  = 
( 32/p)[(x2)(x'S )  -  (xx')(xS)],  showing  that  the  emittance 
evolves  primarily  in  the  bends.  For  an  uncorrelated  ini¬ 
tial  distribution  ((xS)  =  0,  etc),  it  can  be  shown  that 
e2(s)  =  e2(0)  -I-  F(s)ex{0)(S2),  where  F(s)  is  a  func¬ 
tion  (constant  out  of  bends)  depending  only  on  the  lattice. 
This  oscillation  can  be  understood  by  examining  a  group 
of  particles  with  off-momentum  5.  If  the  closed  orbit  of 
this  particle  group  is  shifted  from  the  X  phase-space  center 
of  the  group  (from  dispersion  and  dispersion  mismatch), 
then  the  particles  will  betatron-rotate  about  the  shifted  or¬ 
bit  which  oscillates  according  to  the  dispersion  function. 
Hence,  the  phase-space  ellipse  bounding  all  off-momentum 
groups  (~  ex)  will  oscillate  with  components  at  the  beta¬ 
tron  frequency  (wavenumber  kp)  and  at  the  frequency  of 
dispersion  function  oscillations  (2-K/k  ~  lattice  period). 
The  pumped  momentum  spread  of  the  applied  compression 
acts  to  increase  the  average  and  amplitude  of  the  emittance 
oscillation.  In  this  context,  the  emittance  increase  is  a  dis¬ 
persion  induced  distortion  that  is  reversible,  and  can  be  cor¬ 
rected  in  the  extraction  line  with  appropriate,  compensat¬ 
ing  bends.  However,  this  distortion  influences  the  X  bunch 
size,  and  thereby  the  X  aperture  and  extraction.  More¬ 
over,  nonlinear  space-charge,  chromatic,  and  higher-order 
dispersive  effects  can  produce  amplitude  dependences  that 
phase-mix  (thermalize)  part  of  these  reversible  emittance 
oscillations  causing  uncorrectable,  ’’irreversible”  growth. 
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Such  growth  must  be  limited,  since  it  can  also  interfere  with 
the  correction  of  larger,  reversible  growth  components.  A 
measure  of  the  irreversible  growth  is  obtained  in  full  180° 
phase-space  rotations,  since  these  recover  the  initial  mo¬ 
mentum  spread  and  emittance  in  the  absence  of  irreversible 
effects.  Small  chromatic  and  dispersive  terms  prevent  exact 
recovery  in  the  zero  current  simulation  shown.  The  emit¬ 
tance  growth  of  these  full-current  simulations  are  qualita¬ 
tively  comparable  with  180°  rotation  experiments4. 


The  dominant  source  of  irreversible  emittance  growth 
appears  to  be  nonlinear  forces  associated  with  space-charge 
modes  launched  during  the  compression.  This  is  demon¬ 
strated  by  the  simulations  in  Fig.  3,  where  the  compres¬ 
sion  in  Fig.  2  was  carried  out  in  a  straight  lattice  ( p  -4 
oo).  Rapid  growth  occurs  when  tr/< r0  becomes  suffi¬ 
ciently  depressed  and  remains  when  the  compression  is 
reversed.  Negligible  growth  occurs  for  zero  current,  and 
space-charge  instability  induced  growth  can  be  reduced  by 
adjusting  -L  focusing  for  <to  <  90°  to  eliminate  envelope 
and  suppress  higher-order  collective  modes.  Little  change 
was  induced  by  varying  the  compression  rate  by  factors 
of  2,  suggesting  fast  instability  saturation.  Although  these 
space  charge  instabilities  are  modified  in  a  ring  due  to  the 
_L  dispersive  broadening  weakening  space-charge  forces, 
the  (To  <  90°  criteria  appears  sufficient  for  rings.  Reduced 
<To  also  decreases  envelope  flutter,  reducing  sensitivity  to 
focusing  errors  and  problems  associated  with  large  enve¬ 
lope  excursions  combined  with  large  momentum  spread 
in  bending  dipoles.  Unfortunately,  this  criteria  is  also  in¬ 
consistent  with  long,  low-dispersion  straight  sections  (for 
bunch  insertion/extraction,  RF  cavities,  e~  cooling,  etc.), 
since  this  requires  high  phase-advance  through  bends  (with 
small  superperiod  number,  M).  However,  in  the  presence 
of  compression,  strong  space-charge,  and  large  s-varying 
momentum  spread,  the  conventional  definition  of  a  disper¬ 
sion  function  D  [D  =  x/S,  where  x  is  the  closed  orbit 
solution  to  Eq.  (2)  for  6  small  and  <j>  -4  0]  carries  little 
meaning.  Large,  s-varying  space-charge  strength  and  mo¬ 
mentum  spread  in  the  compression  result  in  a  shift  of  D, 
complicating  lattice  design.  From  this  perspective,  the  bet¬ 
ter  approach  appears  to  be  a  symmetric  lattice  with  a  large 
M  (=>  M  =  cell  number),  where  the  zero-current  fluctu¬ 
ations  of  D  are  as  small  as  possible.  This  minimizes  re¬ 
versible  emittance  growth  at  peak  compression,  reducing 
consequences  of  correction  errors  and  irreversible  growth. 

Chromatic  focusing  effects  and  possibly  other  higher- 
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Figure  3:  Emittance  growth  with  no  bends  (CR-18). 


order  dispersive  terms  can  phase-mix  otherwise  reversible 
distribution  distortions  into  irreversible  growth.  Although 
these  effects  are  typically  weaker  than  space-charge  in¬ 
duced  nonlinearities,  compensations  should  be  considered. 
Also,  since  a  momentum  deviation  8  is  equivalent  to  all 
dipoles  and  quadrupoles  having  the  same  field  error,  tune 
values  Qxo  =  Mk/2  (k  =  1,2,  •••)  should  be  avoided. 
However,  in  a  symmetric  ring  ( M  =  cell  number)  the 
(To  <  180°  phase-advance  limit  for  a  valid  X  bunch  en¬ 
velope  preclude  such  resonances  and  likewise,  low-order 
resonances  due  to  systematic  field  errors.  Resonances  from 
construction  errors  are  not  regarded  as  troublesome  due  to 
the  limited  number  of  laps  in  the  compression  and  detuning 
due  to  varying  space-charge  strength  as  the  particles  change 
||  position  in  the  bunch.  This  can  be  checked  with  full  3d 
simulations  of  distributions  with  realistic  incoherent  tune 
spreads.  Finally,  although  results  of  3d  simulations  with 
continuous,  linear  RF  bunching  differed  little  from  the  re¬ 
duced  2d  model  presented,  this  must  be  re-evaluated  for 
discrete  RF  cavities.  The  finite  kick  in  8  provided  by  a 
discrete  cavity  leads  to  an  instantaneous  shift  of  the  closed 
orbit  of  each  group  of  off-momentum  particles,  which  can 
lead  to  irreversible  emittance  growth  when  a  series  of  kicks 
are  applied.  This  can  be  properly  evaluated  in  3d  simula¬ 
tions  with  realistic  distributions  of  RF  cavities. 

3  CONCLUSIONS 

This  joint  GSI/LLNL  study  is  investigating  the  use  of 
fast  bunch  rotation  to  compress  a  large  number  of  particles 
in  heavy-ion  rings.  The  combination  of  large  momentum 
spread  and  strong  space  charge  in  a  ring  creates  challenges 
in  limiting  X  emittance  growth.  Simulations  have  distin¬ 
guished  and  characterized  reversible  (correctable)  growth 
due  to  dispersion  induced  distribution  distortions  and  ir¬ 
reversible  (uncorrectable)  growth  due  to  various  effects. 
Tentative  design  criteria  were  developed  to  mitigate  these 
growths.  Tradeoffs  between  these  constraints  and  practical 
considerations  will  be  made  in  more  optimal  ring  designs. 
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Abstract 

Besides  laser-  and  light  ion  beams,  short  pulse  duration 
bunches  of  intense  heavy  ion  beams  are  attractive  to  deposit 
high  specific  power  in  experimental  targets.  Such  volume 
heated  matter  is  transformed  into  a  plasma  state  that  is  char¬ 
acterized  by  its  high  density.  The  GSI  accelerator  facility 
offers  a  unique  possibility  for  the  generation  of  such  a  solid 
state  density  plasma.  After  the  installation  of  the  new  high 
current  injector,  intense  beams  of  low  charge  state  uranium 
ions  ( U28+  )will  be  available.  To  achieve  high  target  power 
densities  with  these  beams,  a  strong  longitudinal  compres¬ 
sion  has  to  be  performed.  For  this  purpose,  a  new  type  of 
RF  compressor  cavity  has  been  developed  for  the  heavy  ion 
synchrotron  SIS.  In  the  framework  of  a  machine  develop¬ 
ment  program,  first  tests  of  the  required  bunch  manipula¬ 
tions  have  been  done  with  the  available  SIS  cavities. 

1  INTRODUCTION 

Short  pulse  duration  ion  bunches  can  easily  be  produced  by 
means  of  a  high  revolution  frequency,  or  equivalently,  high 
beam  energy.  However,  the  most  interesting  beam  energy 
for  plasma  physics  experiments  is  defined  by  the  ion  range 
in  the  target  and  the  focal  spot  radius.  Thus,  for  solid  state 
density  targets,  100-300  MeV/u  is  an  appropriate  range  of 
energy  for  heavy  ions.  However,  at  200  MeV/u  the  rev¬ 
olution  time  in  the  SIS  is  about  1.3/zs,  which  is  far  too 
long  for  optimal  target  heating.  Taking  into  account  the 
hydrodynamic  target  response,  the  ion  pulse  length  has  to 
be  shortened  by  a  factor  of  20  or  more. 

Furthermore,  optimum  plasma  generation  with  the  present 
range  of  achievable  total  beam  energies  requires  a  single 
bunch  of  ions.  Due  to  an  insufficiently,  low  minimum  fre¬ 
quency  of  the  SIS  cavities,  a  minimum  of  harmonic  4  can 
be  used  for  acceleration  of  U2S+.  Thus,  at  least  four  ion 
bunches  must  be  merged  into  one  before  final  bunching  is 
carried  out  with  a  new  low-frequency  cavity. 

2  RF-MANIPULATIONS  AND 
LONGITUDINAL  COMPRESSION 

In  March  1997,  the  first  attempt  of  single  bunch  generation 
in  the  SIS  was  carried  out  [1],  The  method  used  is  based  on 
adiabatic  debunching,  followed  by  a  rebunching  on  the  first 
harmonic.  In  adiabatic  compression  the  final  bunch  length 
l  f  is  determined  by  :  l  oc  U1/4.  With  a  maximum  available 
RF  voltage  of  V  =  14  kV  per  cavity  and  a  typical  momen¬ 


tum  spread  of  dp/p  =  ±5  •  10-4  a  coasting  beam  of  Ar11+ 
ions  could  be  captured  in  a  single  bunch  with  a  pulse  du¬ 
ration  of  550  ns.  No  particle  losses  were  observed  at  this 
process. 

For  the  final  compression  of  the  single  bunch,  we  consider 
a  fast  compression  with  a  90  degree  rotation  of  the  longi¬ 
tudinal  phase  space.  This  concept  was  tested  in  the  Ex¬ 
perimental  Storage  Ring  ESR  [2]  and  has  been  applied  in 
experiments  in  the  SIS  since  November  97  [3]  [4].  The 
phase  space  rotation  in  fast  compression  is  initiated  by  a 
fast  jump  of  the  RF- voltage  amplitude. 
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Figure  1 :  Measured  bunch  current  signals  at  different  stages 
of  the  acceleration  cycle  together  with  the  measured  RF  gap 
voltage  over  the  modified  acceleration  process.  Shown  is 
a)  the  typical  four-bunch  structure  after  acceleration  with 
h=4,  b)  a  single  bunch  profile  after  adiabatic  debunching 
and  rebunching  at  h=l  and  c)  a  single  bunch  after  fast  bunch 
compression. 

The  rise  time  of  the  voltage  must  be  much  shorter  than 
the  synchrotron  period  of  longitudinal  particle  oscillations. 
The  measured  rise  time  of  the  SIS  cavities  is  150  fi s  which 
is  sufficiently  short  relative  to  a  typical  synchrotron  period 
of  about  1  ms.  Measurements  of  the  full  cycle  of  acceler¬ 
ation,  adiabatic  debunching  and  rebunching,  and  final  fast 
bunch  rotation  are  illustrated  in  Fig.  1 . 

However,  measurements  have  shown  that  phase  stability 
is  essential  for  a  stable  compression.  Figure  2  shows  the 
beam  current  signal  in  the  SIS,  measured  with  a  capacitive 
pick-up  probe,  over  several  synchrotron  periods  after  the 
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RF  voltage  jump.  Due  to  small  RF  phase  instabilities  co¬ 
herent  oscillations  of  the  bunch  are  excited.  The  observed 
phase  instability  is  due  to  a  dependence  of  the  ferrite  per¬ 
meability  p  on  the  voltage  amplitude.  The  varying  perme¬ 
ability  leads  to  a  change  of  the  eigenfrequency  of  the  cavity. 
Although  the  RF  phase  is  stabilized  after  the  jump,  these 
oscillations  can  be  observed  over  many  periods.  These  os¬ 
cillations  may  dilute  the  longitudinal  bunch  emittance,  lim¬ 
iting  compression  for  a  given  final  momentum  spread. 


wrapping  with  associated  nonlinear  pulse  lengthening.  In 
an  experimental  program  using  an  Ar11+-beam  the  influ¬ 
ence  of  the  prebunching  amplitude  on  the  final  longitudi¬ 
nal  distribution  was  studied.  Fig.  3  shows  the  longitudi¬ 
nal  profile  of  an  extracted  bunch  for  no  prebunching  and 
with  1  kV  prebunching.  A  final  pulse  duration  of  350  ns 
could  be  achieved.  Table  1  shows  results  of  ID  PIC  sim¬ 
ulations  of  a  fast  compression  of  a  weak  prebunched  200 
MeV/u  E/28+-beam.  The  fraction  NB  /N  of  particles  cap¬ 
tured  in  the  RF  bucket  is  calculated  for  different  levels  of 
prebunching.  Furthermore,  the  mid-pulse  current  gain  fac¬ 
tor  I/Io  which  indicates  the  peak  power  of  the  bunch  is 
listed.  The  final  RF  amplitude  was  assumed  to  be  100  kV. 

Table  1  :  Current  gain  factor  I /Io,  fraction  of  captured 
particles  NB/N,  and  final  bunch  lengths  Zf  for  different 
prebunching  amplitudes. 
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Figure  2:  Evolution  of  the  RF  gap  voltage  and  the  beam 
current  during  fast  compression.  Strong  coherent  bunch 
oscillations  are  visible.  These  oscillations  are  excited  by 
RF  phase  variations  of  about  15  0  at  the  fast  voltage  jump. 


The  strongest  compression  factor  can  be  achieved  with 
rather  small  prebunching  amplitudes,  according  to  :  //  oc 
y/A/q^Vi/Vf)  •  ( dp/p)i .  Here  A  is  the  mass  number,  q  is 
the  charge  state  and  the  subscripts  i  and  f  denote  initial  and 
final  values.  This  equation  assumes  an  initial  stationary 
bunch,  matched  to  the  RF  bucket  and  linear  bunching.  In 
case  of  smaller  prebunching  amplitudes,  distortions  of  the 
longitudinal  phase  space  occur  due  to  the  nonlinearity  of 
the  RF-voltage  seen  by  the  mismatched  bunch. 


Figure  3:  Bunch  signal  after  extraction  without  (left)  and 
with  lkV  (right)  prebunching.  The  shaded  areas  indicate 
the  offset  and  tail  depending  on  the  amount  of  prebunch¬ 
ing. 


The  nonlinear  RF-voltage  causes  an  S-shaped  phase  space 


For  a  fixed  prebunching  amplitude  of  2  kV  the  influence 
of  beam  loading  on  the  cavity  is  studied  for  different 
impedances.  Table  2  shows  the  degradation  of  the  final 
beam  parameters  with  increasing  impedance. 

Table  2  :  The  filamentation  of  the  phase  space  by  space 
charge  interaction  with  the  cavity  impedance  degrades  the 
achievable  peak  current.  For  an  assumed  prebunching  volt¬ 
age  of  2  kV  the  same  parameters  as  in  Table  1  are  listed. 
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A  significant  drop  of  the  peak  current  is  visible  starting 
from  a  total  impedance  of  about  5  fcfi. 

Further  detailed  simulations  on  the  compression  process 
in  a  dispersive  ring  lattice  and  the  effect  on  the  transverse 
emittance  are  presented  in  a  corresponding  paper  [7]. 

3  THE  COMPRESSOR  CAVITY  STUDY 

The  highest  energy  deposition  in  a  target  will  be  achieved 
with  an  intense  t/28+-beam  [5].  With  the  new  high  current 
injector  [6],  2  •  1011  uranium  ions  will  be  available  at  the 
end  of  1999.  Accelerated  up  to  the  maximum  rigidity  of  18 
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Tm,  a  total  beam  energy  of  2  kJ  can  be  produced  for  exper¬ 
iments.  When  focused  onto  a  small  spot  ( R  <  1mm)  on  the 
target  [8],  a  specific  energy  deposition  of  up  to  50  kJ/g  is 
expected.  At  this  level  of  energy  deposition  the  characteris¬ 
tic  heating  time,  which  is  determined  by  the  sound  velocity 
of  the  plasma,  is  about  50  ns.  A  bunch  with  a  matched 
pulse  duration  can  only  be  generated  with  the  installation 
of  a  dedicated  bunch  compressor  cavity.  Such  cavities  have 
been  studied  by  the  GSI  RF  group  [9],  using  magnetic  al¬ 
loy  technology.  For  compression  of  100%  of  the  beam  par¬ 
ticles  down  to  a  pulse  duration  of  50  ns,  a  total  RF-voltage 
of  200  kV  is  required.  This  voltage  must  be  produced  at  a 
fixed  frequency  of  about  0.8  MHz  for  less  than  100  ps  (1/4 
of  the  synchrotron  period). 

SIS  Bunch  Compressor 


Cavity  1  Cavity  2 


Figure  4:  Schematic  of  a  SIS  bunch  compressor  cavity 
based  on  magnetic  alloy  cores.  Shown  are  two  out  of  six 
cavities.  Each  cavity  is  driven  by  a  final  stage  in  push-pull 
operation. 


Table  3:  Comparison  of  the  technical  parameters  of  the  ex¬ 
isting  SIS  ferrite  loaded  cavities  and  of  the  proposed  MA 
compressor  cavity. 


SIS  Cavity 

Compressor 

Inductive  Load 

Ferrites 

Magnetic  Alloy 

Frequency  tuning 
range  [MHz] 

0.85-5.4 

0.8 

Peak  RF-voltage  [kV] 

16 

40 

Length  [m] 

2.9 

0.7 

Pulse  duration  [/is] 

cont. 

100 

Duty  cycle  [%] 

100 

0.01 

Voltage  rise  time  [/rs] 

150 

<  30 

Power  dissipation  - 
Peak  [kW] 

40 

500 

Power  dissipation 

Mean  [kW] 

40 

0.05 

Cooling  of  cores 

water 

air 

Gap  impedance  [kfi] 

2.5 

0.68 

The  inductive  load  of  the  new  cavity  type  consists  of  cores 
from  amorphous  metallic  alloys  (MA  core).  VITROVAC 
6030F  from  Vacuumschmelze,  is  found  to  be  an  appropri¬ 


ate  material.  This  material  has  a  high  saturation  flux  den¬ 
sity  of  0.82  T  and  the  pQf  product  is  constant  over  a  wide 
range  of  RF-voltage.  Therefore  the  observed  phase  insta¬ 
bilities  at  a  fast  voltage  jump,  as  shown  in  figure  2,  will 
not  occur  with  the  MA  cavity.  The  MA  material  is  avail¬ 
able  with  a  ribbon  thickness  of  only  17  p m  and  with  a  2 
pm  thick  interlaminar  insulation.  Proposed  are  6  individ¬ 
ual  cavities,  each  capable  of  40  kV  in  an  axial  length  of 
about  0.7  m.  Each  cavity  contains  2x  6  VITROVAC  discs. 
Air  cooling  of  the  discs  is  sufficient  because  of  the  low 
duty  factor  of  0.01  %.  The  cavities  are  inductively  coupled 
to  the  power  amplifier  by  the  anode  supply  cable  guided 
around  the  MA  cores  (Fig.  4).  In  order  to  minimize  the 
total  impedance  in  the  synchrotron,  the  gap  will  be  short- 
circuited  when  the  cavity  is  not  in  operation.  For  the  low 
duty  cycle  operation  an  adequate  RF  tube  is  the  Siemens 
RS  2054.  The  peak  power  per  cavity  is  on  the  order  of  500 
kW.  The  gap  impedances  shown  in  table  3  are  without  fast 
feed  back  controls  around  the  final  amplifier.  These  con¬ 
trols  are  in  the  design  stage. 

With  the  high  current  injector  and  the  new  bunch  compres¬ 
sor  cavity  we  expect  to  achieve  the  beam  and  target  param¬ 
eters  summarized  in  table  4. 

Table  4  :  Beam  and  target  parameters  for  the  currently 
available  RF-voltages  and  beam  intensities  of  Ar11+-ion 
beams  and  future  operation  with  U 28  ion  beam. 
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2  •  101U 

2  •  10u 

ti  [GeV] 

12 
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E0  [kJ] 

0.04 
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Tf  [ns] 

350 

50 
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40 

Js  [TW/cm2  ] 

0.029 

1.25 

Jm  [TW/g] 

0.0014 

0.5 

p  ■  l  [g/cm] 

13.04 

1.5 

Cm  [kJ/g] 

0.47 

26 
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Abstract 

We  consider  the  combined  effects  of  the  beam-beam  inter¬ 
action  and  the  lattice  nonlinearities  for  one  specific  design 
of  the  muon  collider  ring.  The  beam-beam  interaction  is 
represented  by  a  thick  gaussian  lens,  and  the  ring  is  de¬ 
scribed  by  a  9th-order  Taylor  map.  At  the  single-particle 
level  we  compare  the  tune  footprints  and  the  dynamic  aper¬ 
ture  with  and  without  the  beam-beam  effect.  At  the  mul¬ 
tiparticle  level,  using  a  “weak-strong”  description  of  the 
beam-beam  interaction,  we  compare  the  time  evolution  of 
the  rms  beam  sizes  with  a  linear  lattice  map  and  with  the 
full  nonlinear  map. 


1  INTRODUCTION 

The  desire  to  have  a  muon  collider  with  high  luminosity 
combined  with  the  instability  of  the  muon  places  serious 
constraints  on  the  lattice  design  of  this  machine.  In  partic¬ 
ular,  lattice  nonlinearities  are  severe,  and  the  beam-beam 
interaction  has  a  strength  comparable  to  a  mature  e+e- 
collider  [1],  Traditionally,  the  beam-beam  interaction  and 
lattice  dynamics  have  been  studied  separately.  It  is  likely 
that  the  muon  collider  will  be  the  first  machine  in  which 
these  two  pieces  of  dynamics,  along  with  wakefield  ef¬ 
fects,  may  have  to  be  studied  in  combination.  In  this  note 
we  present  an  initial  step  in  this  direction,  improving  upon 
a  previous  study  [2]  with  linear  lattices,  by  carrying  out 
single-particle  and  multiparticle  tracking  calculations  for 
one  specific  design  of  the  muon  collider  whose  relevant  pa¬ 
rameters  are  listed  in  Table  1.  We  represent  the  lattice  by 
a  9th-order  Taylor  map  obtained  from  the  program  COSY 
INFINITY  [3],  and  the  beam-beam  interaction  by  a  thick 
lens.  We  present  our  results  in  three  cases:  (a)  linear  part 
of  the  map  plus  beam-beam,  (b)  full  9th-order  map  without 
beam-beam,  and  (c)  full  9th-order  map  plus  beam-beam. 
We  compute  beam  footprints,  dynamic  aperture  plots  and 
time  evolution  of  the  rms  beam  sizes. 

There  are  several  limitations  in  this  investigation  which 
we  expect  to  improve  upon  in  the  future:  (1)  the  beam- 
beam  interaction  is  represented  only  in  weak-strong  mode, 
albeit  in  thick  lens  approximation  (i.e.,  nonzero  bunch 
length  effects  included)  assuming  a  tri-gaussian  density 
distribution,  (2)  the  longitudinal  beam-beam  forces  are 
wholly  neglected,  and  (3)  the  9th-order  map  does  not  in¬ 
corporate  RF  cavities. 


*  Work  supported  by  the  US  Department  of  Energy  under  contract  no. 
DE-AC03-76SF00098. 
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Table  1 :  Selected  muon  collider  parameters. 


Circumference,  C  [m] 

345 

Beam  energy,  E  [GeV] 

50 

Relativistic  factor,  7 

473.2 

No.  of  particles  per  bunch,  N 

4  x  1012 

Beta  function  at  the  IP,  /?*  [cm] 

4 

Normalized  emittance,  ex  [//m-rad] 

85 

RMS  beam  size  at  the  IP,  cto  [/^m] 

84.76 

RMS  bunch  length,  az  [cm] 

4 

Relative  momentum  spread,  <rp/p 

1.2  x  10~4 

Nominal  beam-beam  parameter,  £ 

0.051 

Tunes,  vxjvy 

0.862/0.639 

2  CALCULATION 

In  Table  1,  the  four  beta  functions  at  the  interaction  point 
(IP)  are  equal,  as  are  the  four  emittances.  The  beam-beam 
element  consists  of  a  static  trigaussian  thick  lens  imple¬ 
mented  by  dividing  the  bunch  into  5  kicks  whose  weights 
and  longitudinal  positions  follow  the  “equal-weight”  pre¬ 
scription  [4],  The  beams  collide  head-on  at  the  IP.  The  lon¬ 
gitudinal  beam-beam  force  is  wholly  neglected.  The  trans¬ 
verse  force  from  each  of  the  5  kicks  is  computed  from  the 
well-known  expression  of  the  electric  field  of  a  round  gaus¬ 
sian  beam.  A  particle  from  the  dynamical  beam  is  consec¬ 
utively  kicked  by  each  of  these  5  kicks;  in  between  succes¬ 
sive  kicks,  the  particle  undergoes  simple  drifts. 

The  lattice  is  represented  by  a  9th-order  Taylor  expan¬ 
sion  of  the  6-dimensional  one-turn  map  at  the  IP,  obtained 
from  COSY  INFINITY  [3].  It  does  not  include  RF  cavities. 
The  beta  functions  and  tunes  listed  in  Table  1  are  extracted 
from  the  linear  part  of  the  map,  which  also  has  f3'  —  0  at  the 
IP.  The  action  of  the  map  on  each  particle  of  the  dynamical 
beam  is  expressed  by  the  polynomial 

L 

zi~Yl  S  CtW(ni’n2>n3>n4,ra5)n6) 

t=0  {nk}i 

xzj  z2  z3  z4  z5  z 6  HI 

where  z*,  with  i  =  1,  ■  •  • ,  6,  represents  the  (suitably  de¬ 
fined  [3])  i-th  coordinate  of  the  particle  at  turn  t,  z\  is  the 
coordinate  at  turn  t  4-  1,  t  is  the  order  of  the  expansion, 
with  maximum  order  L  =  9,  and  Z){nfc}/(' ' ')  stands  for  a 
summation  over  all  possible  combinations  of  the  rife’s  such 
that  nk  =  £  with  rik  >  0.  The  map  is  described  by  the 
full  set  of  Cj  ' ’s;  in  the  particular  case  we  study,  there  are 
5040  nonzero  such  coefficients.  Eq.  1  is  applied  to  every 
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particle  in  the  dynamical  beam. 

In  single-particle  mode  we  track  one  particle  in  the  dy¬ 
namical  beam  with  given  initial  coordinates  xo  and  yo-  By 
successively  letting  x0  and  yo  take  on  values  in  a  rectan¬ 
gular  grid  we  can  generate  a  tune  footprint.  We  extract 
the  tunes  by  numerically  integrating  the  phases  of  the  par¬ 
ticle  over  500  turns.  To  determine  the  dynamic  aperture, 
we  track  the  particle  for  1000  turns.  In  all  cases  the  initial 
values  of  the  remaining  coordinates  (x1,  y' ,  z  and  A p)  are 
set  to  0.  In  order  to  avoid  numerical  overflow  problems,  we 
specify  the  criterion  that  a  particle  is  outside  the  dynamic 
aperture  if  at  any  turn  it  is  outside  a  sphere  in  x,  y,  z  about 
the  bunch  center  with  radius  1  m. 

In  multiparticle  mode  we  start  from  an  initial  6D  gaus- 
sian  beam  distribution  of  particles  centered  at  the  origin 
with  the  o' s  specified  in  Table  1  or  extracted  from  these 
parameters.  In  all  cases  we  choose  10,000  representative 
particles.  We  then  track  this  distribution  for  1000  turns  and 
compute  and  record  the  rms  values  at  every  turn. 

In  all  cases  we  take  the  muon  to  be  a  stable  particle. 
There  are  no  physical  apertures  in  the  calculation.  Radi¬ 
ation  and  quantum  excitation  are  ignored,  as  are  the  mutual 
interactions  of  the  particles  within  the  bunch. 

3  RESULTS 


3.1  Footprints 

Footprints  are  shown  in  Fig.  1.  We  tracked  100  parti¬ 
cles  whose  initial  conditions  were  on  a  10  x  10  grid  with 
Xo /cr,  yo/a  =  0.1,  1,  1.5,  2,  2.5,  3,  3.5,  4,  4.5,  5. 
It  is  seen  that  resonances  do  not  cause  any  distortion  of  the 
footprint  in  the  case  of  linear  map  +  beam-beam.  There  are 
severe  distortions  for  the  case  of  full  map  with  or  without 
beam-beam  presumably  due  to  island  trapping. 

3.2  Dynamic  aperture 

Figure  2  shows  the  dynamic  aperture  plots  for  the  case  of 
nonlinear  map  with  and  without  beam-beam  (the  dynamic 
aperture  for  the  case  of  linear  map  +  beam-beam  is  obvi¬ 
ously  infinite).  It  can  be  seen  that  the  beam-beam  interac¬ 
tion  has  a  slight  effect  on  dynamic  aperture. 

3.3  Beam  size  evolution 

Figure  3  shows  the  time  evolution  over  1000  turns  of  the 
normalized  beam  sizes,  ax/ao  and  (Ty/a0.  It  is  seen  that 
the  cases  with  beam-beam,  with  a  linear  map  or  with  a 
full  map,  are  very  similar  to  each  other.  This  implies  that 
the  map  has  little  effect  on  beam-beam  performance.  Even- 
though  the  beam  starts  out  with  ax  =  ay,  the  dynamical 
beam  sizes  quickly  become  different.  This  is  due  to  the 
dynamical  beta  function  effect  [5]  which  implies  ax  ^  ay 
whenever  vx  ^  vy. 

In  the  absence  of  the  beam-beam  element,  the  beam  sizes 
are  also  unequal,  but  in  this  case  the  difference  is  due  purely 
to  a  “'/N”  fluctuation  of  the  initial  particle  distribution. 


Figure  1:  Tune  footprints  of  the  beam.  Top:  linear  map  + 
beam-beam  and  nonlinear  map  without  beam-beam.  Bot¬ 
tom:  nonlinear  map  +  beam-beam.  The  cross  is  at  the 
working  point  defined  by  the  map.  Resonance  lines  up  to 
6-th  order  are  shown. 

4  DISCUSSION 

The  results  presented  here  are  to  be  taken  only  as  an  initial 
step  in  a  more  systematical  examination  of  beam  dynamics 
in  the  muon  collider.  It  is  desirable  to  study  maps  that  bet¬ 
ter  describe  the  machine,  including  RF  cavities.  It  is  also 
desirable  to  improve  the  beam-beam  element  so  that  it  in¬ 
cludes  longitudinal  forces,  which  have  recently  shown  to 
be  important  when  the  momentum  spread  of  the  beam  is 
very  small  [6]. 

Although  preliminary,  the  present  results  confirm  the 
generally  accepted  belief,  derived  from  theory  and  exper¬ 
iment  with  e+e~  colliders,  that  lattice  nonlinearities  do  not 
affect  the  beam-beam  dynamics  significantly  near  the  beam 
core.  It  is  gratifying  that  this  is  the  case  even  in  this  de¬ 
sign,  whose  dynamic  aperture  is  markedly  smaller  than  in 
typical  e+e~  machines.  We  conclude  that  the  luminosity 
performance  will  not  be  detrimentally  affected  by  nonlin¬ 
earities.  We  expect  this  conclusion  to  remain  valid  as  long 
as  the  dynamic  aperture  is  at  least  a  few  cr’s. 

On  the  other  hand,  we  expect  that  nonlinearities  will 
have  a  significant  effect  on  the  large- amplitude  tails  of  the 
beam,  whose  dynamics  is  quite  different  from  the  beam 
core.  This  issue  remains  to  be  studied. 
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Figure  2:  Top:  dynamic  aperture  for  the  map  without  beam- 
beam.  Bottom:  map  +  beam-beam.  Crosses  indicate  parti¬ 
cles  that  survived  for  1000  turns,  boxes  those  that  did  not. 
The  hand-drawn  polygon  is  meant  to  guide  the  eye  along 
the  dynamic  aperture  boundary.  The  quarter-circle  at  the 
lower  left  corner  is  the  1  —  a  beam  profile. 
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beam. 

6  REFERENCES 

[1]  “Status  of  Muon  Collider  R&D  and  Future  Plans,”  BNL-65- 
623/Fermilab-PUB-98/179/LBNL-41935,  Sept.  1998. 

[2]  M.  A.  Furman,  ‘The  Classical  Beam-Beam  Interaction 

for  the  Muon  Collider:  A  First  Look,”  Col¬ 

lider:  A  Feasibility  Study,  BNL-52503/Fermi  Lab-Conf-96- 
092/LBNL-38946,  July  1996,  sec.  8.6;  Proc.  1996  Snow- 
mass  Workshop  New  Directions  for  High-Energy  Physics', 
http://www.lbl.gov/~miguel/mucoll_snowmass96.pdf. 

[3]  M.  Berz,  “COSY  INFINITY  v8  User’s  Guide  and  Reference 
Manual,”  Nov.  7,  1997. 

[4]  M.  A.  Furman,  A.  A.  Zholents,  T.  Chen  and  D.  Shatilov, 
“Comparisons  of  Beam-Beam  Simulations,”  Proc.  Sev¬ 
enth  Advanced  ICFA  Workshop  on  Beam  Dynamics, 
JINR,  Dubna,  Russia,  18-20  May,  1995,  pp.  123-142; 
http://www.lbl.gov/~miguel/BBcompICFA.pdf. 

[5]  M.  A.  Furman,  “Beam-Beam  Tune  Shift  and  Dy¬ 
namical  Beta  Function  in  PEP-II,”  Proc.  EPAC94, 
London,  England,  June  27-July  1,  1994,  p.  1145, 
http://www.lbl.gov/~miguel/epac94_dynbeta_LBNLrep.pdf. 

[6]  E.  S.  Kim,  A.  M.  Sessler  and  J.  Wurtele,  “Control  of  energy 
spread  due  to  the  beam-beam  interaction  in  a  50  GeV  x  50 
GeV  muon  collider  ring,”  in  preparation. 


1793 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


INCOHERENT  EFFECTS  DRIVEN  BY  THE  ELECTRON  CLOUD* 
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Abstract 

As  a  result  of  the  synchrotron  radiation  from  a  positively- 
charged  beam,  an  electron  cloud  is  expected  to  develop 
in  the  vacuum  chamber  from  the  combined  effects  of  the 
photoelectric  and  secondary  emission  processes  [1-3].  We 
provide  here  a  first  estimate  of  the  electron-cloud  effect  on 
individual  particles  of  the  beam.  We  focus  on  the  space- 
charge  tune  spread,  the  distortion  of  the  beta  function  and 
the  dispersion,  and  synchro-betatron  coupling.  We  illus¬ 
trate  the  effects  with  numerical  applications  to  the  PEP-II 
positron  ring  [4],  We  conclude  that  the  magnitude  of  the 
effect  is  not  negligible,  although  it  is  not  large  either.  How¬ 
ever,  the  present  calculations  can  only  be  considered  as  a 
first  estimate,  since  they  do  not  include  details  of  the  elec¬ 
tron  cloud  formation  in  different  regions  of  the  ring. 

1  METHOD  AND  APPROXIMATIONS 

We  assume  that  an  electron  cloud  has  been  established 
in  the  vacuum  chamber  of  a  positively-charged  beam  of 
closely  spaced  bunches.  Although  our  analysis  can  be  ap¬ 
plied  to  any  case  with  similar  conditions,  we  will  choose 
as  an  example  the  PEP-II  low-energy  ring  (LER),  which 
contains  the  positron  beam. 

Numerical  simulations  for  the  pumping  straight  cham¬ 
bers  in  the  arcs  of  the  PEP-II  LER  for  a  photon  reflectivity 
R  ~  1,  photoelectric  yield  Y'  —  1  and  secondary  electron 
yield  corresponding  to  TiN,  show  that  the  electron  cloud 
density  is  approximately  uniform  near  the  center  of  the 
chamber  [3],  Indeed,  the  density  on  axis  is  d  ~  6.5  x  105 
electrons/cm3,  while  its  average  value  is  d  ~  4.1  x  105 
electrons/cm3.  For  the  purposes  of  this  article  we  will 
make  the  approximation  that  the  electron  cloud  density  is 
uniform  throughout  the  chamber  and  we  will  focus  on  the 
details  of  the  electron  cloud  within  a  positron  bunch  as  it 
traverses  this  uniform  cloud.  For  vacuum  chamber  regions 
within  a  dipole  magnetic  field,  the  uniform-density  approx¬ 
imation  is  not  a  good  one,  and  a  more  detailed  calculation 
is  required.  For  the  PEP-II  LER,  however,  the  pumping 
straight  chambers  account  for  ~  93%  of  the  arc  length  and 
~  62%  of  the  ring  circumference;  hence  our  results,  though 
incomplete,  are  meaningful. 

When  a  bunch  travels  through  the  cloud,  its  head  sees  a 
density  d\  trailing  positrons  within  the  bunch  sample  dif¬ 
ferent  values  of  the  density  as  the  electrons  are  pulled  in. 
The  local  electron  density  d  is  characterized  by  a  dimen¬ 
sionless  function  p(z )  of  the  longitudinal  coordinate  z  such 
that  d  =  dp(z)  with  p(z)  normalized  such  that  p(z)  =  1 

*  Work  supported  by  the  US  Department  of  Energy  under  contract  no. 
DE-AC03-76SF00098 . 

t  E-mail:  mafurman@lbl.gov. 


x  [mm] 


Figure  1 :  The  electron  distribution  just  after  the  bunch  tail 
has  passed.  In  this  case,  we  used  a  sample  of  100,000  static 
electrons  initially  distributed  uniformly  in  a  disk  of  radius 
10  mm  about  the  beam  axis. 

at  the  head  of  the  bunch.  Making  the  approximation  that 
the  chamber  cross-section  is  a  perfect  ellipse  of  semi-axes 
a  and  b,  the  average  linear  density  A  is  given,  in  terms  of 
the  average  bulk  electron  density  d,  by 

A  =  —etrabd  (1) 

while  its  local  density  is  A(z)  =  A p(z). 

In  our  simulations  aiming  at  determining  p(z),  we  di¬ 
vide  the  bunch  longitudinally  into  a  certain  number  of 
kicks  such  that  the  “head”  and  “tail”  kicks  are  located  at 
z  =  ±Zh.  Experience  shows  that  adequate  numerical  con¬ 
vergence  is  achieved  with  51  equally-spaced  kicks  whose 
weight  are  gaussian  in  z  with  rms  oz  such  that  Z),  =  3oz/2. 
The  simulation  proceeds  by  “injecting”  a  bunch  into  a  uni¬ 
form  cloud  of  static1  electrons,  and  we  extract  the  electron 
density  at  all  kick  locations  z.  As  an  example,  Figure  1 
illustrates  the  transverse  particle  distribution  just  after  the 
tail  of  the  bunch  has  passed. 

For  the  purposes  of  determining  p(z)  we  count  only 
those  electrons  within  the  one-sigma  ellipse  about  the 
bunch  axis;  the  value  of  p(z)  is  then  the  ratio  of  electrons 
at  kick  location  z  relative  to  the  number  of  electrons  at  the 

1  We  have  verified  that  p(z)  is  not  very  sensitive  to  the  initial  electron- 
cloud  average  energy,  up  to  400  eV. 
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Figure  2:  The  electron  density  enhancement  function  p(z) 
for  the  PEP-II  LER  pumping  sections.  The  normalization 
is  p(3az/2)  =  1.  The  straight  line  is  a  free-hand  first-order 
approximation. 


head  of  the  bunch.  Fig.  2  shows  the  result.  PEP-II  parame¬ 
ters  used  in  the  simulation  are  listed  in  Table  1. 

The  approximate  linearity  of  p(z)  is  a  consequence  of 
the  parameter  values  used  in  the  simulation.  For  higher  val¬ 
ues  of  N  the  electrons  get  pulled  in  more  quickly  into  the 
bunch  and  remain  temporarily  trapped,  leading  to  oscilla¬ 
tory  behavior  of  p(z).  An  analytic  approach  to  this  problem 
is  described  in  Ref.  5. 

2  TUNE  SHIFT 

The  electric  field  Ee  from  the  cloud  leads  to  a  neutral¬ 
ization  tune  shift  A which  adds  to  the  direct  space- 
charge  tune  shift  Az/°).  A  simple  estimate  of  A z/n)  can 
be  obtained  by  making  the  approximation  that  the  trans¬ 
verse  electron-cloud  density  is  uniform  within  the  bunch, 
as  it  can  be  qualitatively  seen  in  Fig.  1.  Our  simulations 
show  that,  for  nominal  conditions,  the  kinetic  energy  does 
not  exceed  ~  8  x  104  eV,  hence  the  electrons  can  be  sensi¬ 
bly  considered  nonrelativistic.  Thus  the  force  on  any  given 
positron  due  to  the  electron  cloud  is  approximately  trans¬ 
verse  and  purely  electric,  and  it  is  given  by  [6] 


where  z  is  the  longitudinal  position  of  the  positron.  Insert¬ 
ing  Eqs.  1-2  into  the  standard  expression  [7]  for  a  tune  shift 
yields 

<3) 

where  re  =  e2/mc2  ~  2.82  x  10“ 15  m  is  the  classical 
electron  radius,  L  is  the  aggregate  length  of  the  pumping 


Table  1 :  Selected  PEP-II  parameters. 


Circumference,  C  [m] 

2200 

Beam  energy,  E  [GeV] 

3.1 

No.  of  particles  per  bunch,  N 

5.63  x  1010 

Aver,  beta  functions,  j3x  =  (3y  [m] 

16 

Aver.  hor.  beam  size,  ax  [mm] 

1 

Aver.  ver.  beam  size,  ay  [mm] 

0.2 

RMS  bunch  length,  az  [cm] 

1 

Synchrotron  tune,  vs 

0.03 

Chamber  semi-axes,  (a,  b)  [cm] 

(4.5,  2.5) 

sections,  px  is  the  average  beta  function  and  7  is  the  usual 
relativistic  factor  assumed  »  1.  A  corresponding  expres¬ 
sion  for  Auyn>  is  obtained  from  the  above  by  the  simulta¬ 
neous  substitutions  a  <->  b  and  x  <-+  y. 

Choosing  the  central  particle  (z  =  0)  as  a  reference,  us¬ 
ing  parameter  values  from  Table  1,  setting  L  =  1373  m 
and  d  —  4.1  x  105  cm-3  (obtained  from  separate  simu¬ 
lations  [3])  and  setting  p( 0)  =  5.5  from  the  linear  fit  in 
Fig.  2,  we  obtain 


Ai4n)  =  8.3  x  10-3 1 
At#0  =  1.5  x  IQ'2  J 


central  particle 


(4) 


for  the  contribution  from  the  pumping  sections.  Here  the 
bar  over  u  is  meant  to  emphasize  that  this  tune  shift,  which 
pertains  to  the  central  particle,  also  represents  an  average 
tune  shift  over  the  bunch,  on  account  of  the  approximate 
linearity  of  p{z). 

The  neutralization  tune  shift  of  the  particle  at  the  head 
of  the  bunch,  which  we  denote  with  the  subscript  “h,”  is 
obtained  from  Eq.  (3)  by  setting  p(zh )  =  1, 


Az#°  =  1-5  x  10-3 1 

A^ify  ~  2-7  x  10-3  J 


head  particle 


(5) 


The  above  expressions  and  numerical  values  should  be 
compared  with  the  direct  space-charge  tune  shift  of  the  cen¬ 
tral  particle, 


A«/<°>  =  - 


rJxNC 


(2n)3/2'y3azax(ax  4-  ay) 


(6) 


where  ax  and  ay  are  ring-averages  of  the  rms  beam  sizes 
and  N  is  the  number  of  particles  per  bunch.  A  correspond¬ 
ing  expression  for  At#0  is  obtained  from  the  above  by  the 
replacement  x  <->  y.  Substituting  values  from  Table  1  we 
obtain 


Ai40)  =  -1.3  x  10-41 
Az 40)  =  -6.6  x  10~4  J 


central  particle 


(7) 
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3  SYNCHROBETATRON  COUPLING 


4  DISCUSSION 


The  z-dependence  of  the  betatron  frequency,  given  by 

up(z)  -  W/3,0  (l  +  A i/(ri)(z))  (8) 

leads  to  synchrobetatron  coupling.  Here  uipfi  is  the  nomi¬ 
nal  betatron  frequency,  and  we  have  neglected  Ai/(°)  vis  a 
vis  At/”).  For  simplicity  of  the  analysis  we  use  a  linear  fit, 
p(z)  =  p( 0)  —  (p(0)  —  1  )z/zh-  Setting  2  =  20sinwsi 
we  obtain  a  shifted  and  modulated  betatron  frequency, 
w0{t)  =  u'0  (1 


-  esinw5f),  where 

uj'p  =  ^1  +  AD^^j 

(9a) 

.  zo(p(0)  -  l)Ai4n) 

zh(  1  +  AP(»)) 

(9b) 

The  synchrotron  angular  frequency  us  is  expressed  in 
terms  of  the  synchrotron  tune  via  vs  =  ujs/ujpfi.  Thus 
the  betatron  equation  for  the  horizontal  motion  of  a  given 
positron  is,  in  the  smooth-/?  approximation, 


x  -1-  ujp  (1  —  e  sin  ujst )2  x  =  0 


(10) 


We  have  numerically  integrated  Eq.  (10).  The  Fourier 
spectrum  of  x(t),  x(oj),  exhibits  characteristic  peaks  sep¬ 
arated  by  Aw  =  ws,  as  shown  in  Fig.  3.  We  assumed 
A t{n)  =  2.7  x  10~3,  z0/crz  =  1,  and  p(0)  =  5.5. 


0.90  0.95  1.00  1.05  1.10 


scaled  frequency,  CO/Wpo 


Figure  3:  Unnormalized  absolute-value  spectrum  |x(w)|. 
The  frequency  shift  of  the  central  peak  is  given  by  Eqs.  (4)- 
(9a),  and  the  sidebands  are  spaced  by  vs  =  0.03.  The 
crosses  are  the  values  of  |  Jk{x)  \  scaled  to  the  main  peak. 


The  relative  height  of  the  peaks  in  Fig.  3  can  be  under¬ 
stood  from  an  approximate  analytic  solution  [8]  of  Eq.  (10). 
To  order  eios/oj'0,  the  spectrum  is  a  series  of  delta  func¬ 
tions  at  w  =  ±uj'p  4-  kus  for  all  integers  k,  with  amplitude 
proportional  to  Jfc(x),  where  Jk(x)  is  the  ordinary  Bessel 
function  of  order  k  and 


X  = 


UJS 


20(p(o)  -  i)a^(;i) 

VsZh 


0.32 


(ID 


Eq.  (4)  represents  only  the  contribution  from  the  pumping 
sections;  other  regions  of  the  ring  will  add  to  these  num¬ 
bers.  In  particular,  the  straight  section  IR2  and  the  wiggler 
section,  although  relatively  short  compared  to  the  circum¬ 
ference,  may  develop  a  significant  electron  cloud  density. 

The  electron  cloud  effectively  provides  a  distortion  of 
the  guide  field  in  the  ring,  and  hence  of  the  optics.  The 
beta-function  distortion  and  dispersion  distortion  scale  as 
A (3  ~  /3At/”)/ sin  27^  and  A 77  ~  ryAt/”)  /  sin  ttu,  re¬ 
spectively  [7],  Hence  these  effects  are  small  unless  the  tune 
v  is  close  to  an  integer  or  half-integer. 

The  density  function  p(z),  shown  in  Fig.  2,  has  higher- 
order  components  beyond  the  linear,  as  evidenced  by  the 
bump  at  the  center.  Therefore  the  synchrobetatron  spec¬ 
trum  will,  in  general,  be  more  complicated  than  what  is 
discussed  above. 

When  a  train  of  bunches  is  injected  into  the  ring  the  elec¬ 
tron  cloud  has  vanishing  density  at  the  head  of  the  train  and 
maximal  density  towards  the  tail.  Therefore  the  tune  shift 
Av (”)  will  have  a  bunch-to-bunch  variation  along  the  train, 
which  will  introduce  further  complications  in  the  synchro¬ 
betatron  spectrum. 

A  more  complete  analysis  describing  the  bunch  average 
of  the  single-particle  spectrum  shown  in  Fig.  3,  including 
the  broadening  effect  from  radiation  damping,  will  be  pre¬ 
sented  elsewhere  [9]. 
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Abstract 

A  current  experiment  is  underway  to  study  beam  dynam¬ 
ics  and  rf  production  in  a  35-GHz  relativistic  klystron  us¬ 
ing  a  1-kA,  7-MeV  electron  beam  produced  by  the  PIVAIR 
accelerator.  We  present  simulations  of  transport  in  the  PI¬ 
VAIR  accelerator,  modulation  from  a  free-electron  laser  in¬ 
teraction,  post-wigglersolenoidal  transport,  and  interaction 
with  two  rf  cavities.  These  simulations  are  performed  with 
a  suite  of  various  codes.  Steady-state  and  transient  effects 
are  discussed.  The  calculated  transverse  and  longitudinal 
profiles  of  the  beam  are  compared  with  experimental  diag¬ 
nostic  measurements. 

1  INTRODUCTION 

An  experiment  to  produce  a  35  GHz  modulated  beam  by  a 
PEL,  and  to  subsequently  extract  power  from  this  beam  in  a 
resonant  cavity  has  been  performed  at  CESTA.  This  work 
is  in  support  of  the  study  of  two  beam  accelerators  based 
on  relativistic  klystrons,  and  has  been  executed  jointly  by 
groups  at  LBNL,  CEA/CESTA,  and  CERN.  One  of  the 
aims  of  this  current  experiment  is  to  validate  and  bench¬ 
mark  our  simulation  codes. 

For  the  design  of  the  experiment  and  the  analysis  of  its 
results,  we  have  relied  upon  four  distinct  codes:  an  enve¬ 
lope  code  for  basic  transport  studies;  PARMELA  [1]  for 
more  detailed  examination  of  the  transverse  phase  space 
evolution;  SOLITUDE  [2]  for  the  study  of  3D,  steady-state 
PEL  interactions;  and  RKS  [3]  to  study  the  time-dependent, 

3D  bunch  evolution  and  power  production  in  output  mi¬ 
crowave  cavities.  A  brief  description  of  the  experiment  is 
given  elsewhere  in  these  proceedings  [4], 


2  TRANSPORT  IN  PIVAIR 

The  simulation  begins  with  a  description  of  the  transport 
from  the  cathode  to  the  experiment.  For  this  the  envelope 
code  is  solely  used.  A  plot  of  the  magnetic  field  and  beam 
edge  radius  is  given  in  Figure  1. 

The  currents  in  the  two  final  solenoids  and  dipole  coils 
are  adjusted  for  proper  matching  into  the  wiggler.  A  Ro- 
gowski  coil  placed  at  the  entrance  to  the  wiggler  measured 
the  beam  current;  800  A  were  obtained  in  the  current  ex¬ 
periment. 

*  Work  performed  at  LBNL  was  supported  under  the  auspices  of  the 
U.S.  Department  of  Energy  under  Contract  No.  AC03-76SF00098. 


3  TRANSPORT  THROUGH  THE  FEL 

The  main  FEL  parameters  are  listed  in  Table  1  . 
SOLITUDE  has  been  run  to  obtain  fair  agreement  with  the 
preliminary  results  of  the  current  experiment,  ie.  40  MW 
of  FEL  power  and  250  A  of  current  at  the  wiggler  exit.  Be¬ 
sides  the  basic  parameters  of  the  beam  distribution  (current, 
radius,  emittance)  and  the  input  microwave  power,  SOLI¬ 
TUDE  has  a  few  additional  ’knobs’  with  which  to  tune  the 
resultant  interaction.  These  allow  the  simulation  to  place 
the  entry  of  the  beam  centroid  at  any  radius  and  polar  an¬ 
gle  in  the  entry  plane,  and  with  two  independent  angles 
with  respect  to  the  normal  of  the  entry  plane.  Sensitivity 
studies  have  shown  that  for  small  variations  from  normal, 
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Figure  2:  Evolution  of  FEL  power  and  bunching. 
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on-axis  injection,  it  is  the  azimuthal  angle  (angular  diver¬ 
gence  from  the  wiggler  axis)  of  the  centroid  motion  which 
has  the  largest  effect  on  overall  FEL  performance.  In  par¬ 
ticular,  we  have  found  that  an  azimuthal  angle  of  ”33  mrad 
at  the  entrance  plane  generates  trajectories  within  the  FEL 
region  that  lead  to  the  observed  40  MW  of  output  power 
and  250  Amps  of  current  at  the  exit  current  monitor.  The 
bunching  parameter  at  the  FEL  exit  is  given  by  SOLITUDE 
as  b~0.4.  The  evolution  of  the  output  power  and  of  the 
bunching  parameter  as  calculated  by  SOLITUDE  is  shown 
in  Figure  2.  The  output  data  generated  by  SOLITUDE  in¬ 
clude  the  detailed  particle  distribution  in  the  horizontal  and 
vertical  phase  spaces,  as  well  as  the  distribution  in  particle 
energy  and  arrival  time  for  a  given  bunch.  These  data  pro¬ 
vide  an  indication  of  the  initial  conditions  for  simulations 
of  the  downstream  region. 

4  DOWNSTREAM  TRANSPORT  AND 
CAVITY  INTERACTION 

After  a  short  drift  space,  the  bunched  beam  is  focused  by  a 
solenoid  module  (peak  axial  field  “0.27  T)  into  one  of  two 
Ka-band  standing-wave  RF  output  cavities.  These  cavities 
were  designed  using  standard  electromagnetic  codes,  and 
were  built  by  the  CLIC  group  at  CERN.  The  measured  pa¬ 
rameters1  of  these  cavities  are  shown  in  Table  3. 

The  transport  from  the  end  of  the  wiggler  through  the 
cavities  has  been  studied  with  PARMELA,  the  envelope 
code,  and  RKS.  The  initial  conditions  generated  by  SOLI¬ 
TUDE  have  been  used  in  the  envelope  simulation.  In  the 
case  of  the  RKS  code,  on  the  other  hand,  we  have  slightly 

'These  shunt  impedance  values  have  not  been  directly  measured,  but 
have  been  inferred  from  the  beam  interaction  and  the  measured  power. 


Resonant  frequency  [GHz] 

35.0 

35.6 

Quality  factor,  QLoaded 

60 

271 

Shunt  impedance  [R/Q]  [Q] 

76. 

76. 

DC  current  in  cavity  [A] 

120 

120 

Measured  output  power  [MW] 

12 

0.69 

Table  2:  RF  cavity  parameters. 
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Figure  3:  Beam  edge  radius  evolution. 


adjusted  the  initial  conditions  to  obtain  fair  agreement  with 
the  experimentally  measured  beam  spot  sizes,  and  the  in¬ 
cident  and  transmitted  beam  currents  through  the  cavities. 
The  trajectories  calculated  by  the  envelope  code  and  RKS 
are  shown  in  Figure  3. 

The  differences  between  the  two  codes  are  an  indication 
of  the  effects  of  the  detailed  statistics  of  the  transverse  dy¬ 
namics.  The  envelope  code  assumes  an  on-axis  beam  de¬ 
scribed  by  a  transverse  KV  and  a  longitudinally  uniform 
distribution,  while  the  RKS  code  uses  a  semi-Gaussian  dis¬ 
tribution  for  the  transverse  phase  space  and  a  Gaussian  dis¬ 
tribution  for  the  longitudinal  phase  space.  The  ’edge’  ra¬ 
dius  in  this  case  is  twice  the  rms  radius.  These  different 
models  present  slightly  different  modes  of  evolution,  while 
showing  fair  agreement  on  the  measured  parameters  at  the 
end  points.  RKS  reproduces  good  agreement  with  exper¬ 
iment  in  predicting  a  4mm  spot  size  radius  at  the  cavity 
plane. 

Measurements  of  the  FEL  output  power  give  an  indica¬ 
tion  of  the  bunching  parameter  of  the  beam  at  the  FEL  exit. 
This  can  be  measured  experimentally  [5],  Subsequent  mea¬ 
surement  of  the  cavity  output  power  and  beam  current  al¬ 
lows  us  to  indirectly  measure  the  cavity  shunt  impedances. 
The  steady-state  output  power  from  the  cavities  follows 
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Time  *  c  [m] 

Figure  4:  Temporal  power  development  in  the  two  cavities. 


5  CONCLUSIONS 

We  have  presented  a  suite  of  calculations  that  demonstrate 
the  physics  modelling  of  beam  dynamics  in  a  complex 
experiment.  Good  agreement  has  been  reached  between 
the  codes  and  the  experimental  measurements.  In  particu¬ 
lar,  the  codes  have  reproduced  the  experimentally  observed 
output  powers  of  12  MW  and  0.7  MW  to  very  good  agree¬ 
ment.  More  definitive  measurements  of  the  bunching  pa¬ 
rameter  may  increase  the  agreement  between  the  code  pre¬ 
dictions  and  experiment. 
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from  the  relation 


COS2  ij), 


where  b  is  the  bunching  parameter,  and  ip  is  the  cavity  tun¬ 
ing  angle  [6].  The  temporal  evolution  of  the  output  cavity 
power  is  calculated  by  the  RKS  code.  The  output  from  the 
low-  and  high-Q  cavities  is  shown  in  Figure  4.  The  tempo¬ 
ral  evolution  of  the  power  and  phase  in  the  output  cavities 
is  calculated  by  an  equivalent  circuit  equation  coupled  to 
the  detailed  beam  dynamics  [7]. 
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Abstract 

We  discuss  the  stability  of  the  drive  beam  in  a  relativis¬ 
tic  klystron  two-beam  accelerator  (RK-TBA).  Simulations 
are  presented  for  the  main  extraction  section  of  an  RK- 
TBA.  Longitudinal  and  transverse  equilibria  are  discussed. 
Beamline  parameters  are  chosen  which  correspond  to  the 
RTA  experiment. 

1  INTRODUCTION 

The  relativistic  klystron  two  beam  accelerator  (RK-TBA) 
concept  [1]  is  actively  being  pursued  by  experimental  and 
theoretical  programs  at  LBNL  [2],  and  CEA/CESTA  [3], 
The  LBNL  effort  is  concerned  with  building  a  prototype, 
the  RTA  [4],  to  physics,  engineering,  and  costing  issues  in 
a  full-scale  device  from  the  source  and  injector,  accelera¬ 
tor,  modulator,  and  power  extraction  sections.  The  RTA  is 
designed  to  produce  "180-200  MW/m  of  microwave  power 
from  standing  wave  rf  cavities  in  the  main  extraction  sec¬ 
tion.  Kinetic  energy  in  the  beam  is  replaced  by  the  use  of 
highly  efficient  induction  acceleration  modules.  Transverse 
focusing  is  provided  by  a  permanent  magnet  FODO  lattice. 
Longitudinal  focusing  is  provided  by  inductively  detuning 
the  rf  output  structures.  The  FODO  lattice  is  designed  to 
produce  a  half-betatron  oscillation  between  adjacent  rf  cav¬ 
ities,  to  minimize  the  effects  of  a  cumulative  dipole  BBU 
mode  associated  with  the  cavities.  A  schematic  of  a  single 
period  of  the  main  extraction  section  is  shown  in  Figure  1 . 

In  this  paper,  we  discuss  the  beam  dynamics  in  the  main 
extraction  section  of  the  RTA.  In  particular,  we  examine 
the  results  of  numerical  simulation  using  the  3-D,  time- 
dependent  RKS  code  [5].  We  have  modeled  the  beam  dy¬ 
namics  and  the  evolution  of  the  cavity  fields  from  initial 
transients  into  the  steady-state  regime.  The  main  parame¬ 
ters  of  the  simulation  are  given  in  Table  1 . 

2  EVOLUTION  IN  LONGITUDINAL 
PHASE-SPACE 

The  longitudinal  dynamics  of  the  rf  bunches  constitute 
the  heart  of  any  RK-TBA.  The  energy  extracted  from  the 
bunches  in  the  rf  cavities  must  be  replaced  by  the  induction 
modules.  The  detuning  of  the  cavity  introduces  a  nonlinear 
correlation  between  energy  and  phase  for  particles  within 
the  bunch.  This  induces  the  bunch  to  rotate  in  longitudinal 

*  This  work  supported  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  LBNL  under  Contract  No.  AC03-76SF00098. 


Induction  module 


30  cm 


Figure  1 :  One  period  of  the  main  RTA  extraction  section. 


Nominal  beam  energy 

3  MeV 

Beam  current,  dc 

600  A 

€edge ,  normalized 

800  7 r  mm  mr 

Bunching  parameter 

0.84 

FODO  cell  length 

10  cm 

Phase  advance/cell 

60  deg. 

Induction  gap  voltage 

45  kV 

Modulation  frequency 

11.424  GHz 

Rf  cavity  frequency 

11.55  GHz 

Qloaded 

56 

[R/Q] 

10  n 

Total  simulation  length 

6  m 

Table  1:  Simulation  parameters. 
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Figure  2:  Bunching  parameter  variation  along  beamline. 


Time  *  c  [m] 


Figure  4:  Variation  of  bunch  centroid  energy  along  beam¬ 
line. 

current,  moderately  compressed  bunches  resonantly  ex¬ 
cite  cavity  modes  that  react  upon  later  bunches,  which  be¬ 
come  more  highly  compressed.  Due  to  their  smaller  bunch 
length,  these  later  bunches  will  excite  stronger  fields  in  cav¬ 
ities  further  down  the  beamline,  losing  more  energy  as  they 
do  so.  This  is  shown  in  Figure  4. 

Later  along  in  the  synchrotron  oscillation,  these  later 
bunches  have  a  longer  bunch  length  and  deposit  less  en¬ 
ergy  into  the  cavity  modes.  Hence,  they  lose  less  energy  in 
traversing  a  cavity.  Inductive  detuning  thus  has  two  man¬ 
ifestations  in  the  bunch  dynamics:  a  rotation  in  the  longi¬ 
tudinal  phase  space  of  the  bunch;  and  an  oscillation  in  the 
bunch  centroid  energy.  These  oscillations  affect  the  cou¬ 
pling  of  the  bunch  to  the  rf  cavities,  resulting  in  an  oscil¬ 
lation  along  the  beamline  of  the  output  power  levels  of  the 
cavities,  shown  in  Figure  5. 


Figure  3:  Bunch  rotation  along  the  beamline. 

phase  space.  The  re-acceleration  in  the  induction  modules 
is  weakly  dependent  upon  the  dc  beam  current,  but  the  rf 
cavity  field  excitation  is  strongly  dependent  upon  both  the 
dc  current  and  the  bunching  parameter,  b  (~  ^Irj //<jc).  In 
our  simulations,  we  see  that  while  the  dc  current  carried 
by  a  given  bunch  remains  relatively  constant,  the  bunching 
parameter  varies  significantly  along  the  beamline,  as  well 
as  temporally  during  the  initial  current  ramp  of  the  beam 
head.  In  Figure  2,  we  show  the  variation  of  the  bunching 
parameter  along  the  beamline,  for  bunches  of  lower  dc  cur¬ 
rent  in  the  beam  head  through  bunches  in  the  main  body  of 
the  beam.  This  clearly  shows  the  synchrotron  oscillation 
that  follows  the  bunch  rotation,  shown  in  Figure  3. 

We  also  see  another  effects  of  inductive  detuning.  Low 


3  EVOLUTION  IN  TRANSVERSE 
PHASE-SPACE 

The  behavior  of  the  bunches  in  longitudinal  phase  space 
effect  the  transverse  dynamics  as  well.  In  particular  we  no¬ 
tice  that  an  initially  matched  transport  system,  loses  that 
feature  as  the  bunch  compresses  and  the  bunch  energy 
spread  increases.  The  effect  of  bunch  compression  is  to  en¬ 
hance  the  peak  radial,  defocusing  self-fields  in  the  presence 
of  the  conducting  beampipe,  while  the  enhanced  energy 
spread  introduces  lower  energy  particles  into  the  transport 
lattice.  These  two  effects  can,  in  principle,  be  dealt  with 
by  appropriately  adjusting  the  strength  of  the  quadrupoles 
along  the  beamline.  In  our  studies  we  have  maintained  a 
constant  parameter  FODO  lattice.  In  Figure  6  we  show 
the  evolution  of  the  two  transverse  rms  envelopes  along  the 
beamline  for  bunches  in  the  center  of  the  beam. 
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Figure  5:  Power  output  from  20  rf  cavities. 
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Figure  7:  Evolution  of  transverse  emittance. 

In  Figure  7,  we  show  the  evolution  of  the  normalized 
rms  transverse  emittance.  These  simulations  do  not  include 
the  influence  of  transverse  dipole  modes  in  the  induction 
modules  or  rf  cavities.  Thus,  we  have  not  included  the  im¬ 
portant  BBU  instabilities  that  have  shown  to  limit  current 
transport  in  RK-TBA’s.  However,  this  simulation  shows 
that  pure  rf  monopole  modes,  3-D  space  charge  effects, 
and  quadrupole  transport  do  not  significantly  increase  the 
transverse  emittance  in  the  beam.  On  average,  we  see  these 
effects  contributing  an  increase  of  ~0.5%/TBA  period. 
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Figure  6:  Evolution  of  transverse  rms  envelopes  . 


4  CONCLUSIONS 

We  have  presented  simulations  of  beam  transport  and  the 
evolution  in  longitudinal  phase  space  in  an  RK-TBA  sys¬ 
tem.  Longitudinal  stability  has  been  shown  to  result  from 
inductively  detuning  the  output  rf  structures.  The  coupling 
between  longitudinal  and  transverse  phase  spaces  has  been 
shown  to  result  in  only  a  modest  growth  rate  of  the  trans¬ 
verse  emittance. 
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Abstract 

Preliminary  designs  for  the  next  large  accelerator 
experiment  envisioned  for  the  Heavy  Ion  Fusion  program, 
the  IRE  (Integrated  Research  Experiment)  use  an  induction 
linac  to  accelerate  multiple  space-charge-dominated  ion 
beams  to  an  energy  of  several  hundred  MeV,  and  focus 
them  at  a  target.  This  paper  examines  the  effect  of  beam 
and  quadrupole  misalignments  on  beam  emittance  in  the 
IRE.  The  dependence  of  the  centroid  orbit  on  the  scaling 
of  focusing  parameters  with  z  is  analyzed.  PIC 
simulations  including  misalignment  give  acceptable 
emittance  growth  for  present  IRE  designs. 

1  INTRODUCTION 

The  Heavy  Ion  Fusion  program  is  in  the  process  of 
designing  the  Integrated  Research  Experiment  (IRE),  a 
multi-beam  induction  linac  which  would  accelerate  space- 
charge-dominated  driver-scale  K+  beams  to  a  few  hundred 
MeV  and  focus  them  onto  a  target.  Preliminary  linac 
designs  consist  of  acceleration  to  ~8  MeV  using 
electrostatic  quadrupole  focusing  (IRE  Section  1),  followed 
by  2  sections  of  magnetic  quadrupole  focusing  (IRE 
Sections  2  and  3).  The  phase  advance  per  lattice  period 
without  space  charge,  a„  ,  and  beam  radius  are  kept 
constant  throughout  the  machine  in  order  to  maximize 
transportable  current  and  minimize  cost.  This  requires 
different  scaling  of  focusing  parameters  in  different 
sections.  In  Section  1,  L/v  ,  T],  and  K=qE’/m  are 
constant  (L=lattice  half  period  length,  v=longitudinal  (i.e., 
z)  velocity,  qL=quadrupole  length,  and  E'  =quadrupole 
gradient).  In  IRE  Section  2,  the  beams  are  compressed 
longitudinally  with  line  charge  density  A, Here 
L«vl/2,  and  q  and  K=qvB7m  are  constant.  In  IRE 
Section  3,  X,  L/v,  and  magnet  length  are  held  constant, 
while  quadrupole  field  gradient  scales  as  l/(l-2q/3)1/2  in 
order  to  keep  a0  constant.  In  this  paper  we  examine  the 
effect  of  random  misalignments  of  quadrupoles  and  initial 
misalignment  of  the  beam  on  emittance  growth.  Centroid 
motion  and  its  dependence  on  the  above  scaling  are 
calculated  for  the  present  IRE  design  FODO  lattice  in 
Section  2  of  the  paper.  In  Section  3  a  smooth 
approximation  is  used  to  elucidate  the  results  of  Section  2. 
Section  4  shows  the  emittance  growth  due  to  the 
misalignments  in  the  presence  of  image  forces  and  magnet 
fringe  fields,  as  calculated  by  PIC  simulations. 


’Work  supported  by  the  U.S.  Department  of  Energy  under  contracts 
DE-AC03-76SF00098  (LBNL)  and  W-7405-ENG-48  (LLNL). 


2  ALTERNATING  GRADIENT 
MODEL 

We  consider  the  motion  of  the  centroid  of  a  transverse 
slice  of  the  beam,  and  follow  the  treatment  of  L. 
Smith[l].  A  good  approximation  to  the  centroid  orbit  for 
the  present  IRE  design  can  be  obtained  by  neglecting 
image  forces  and  other  nonlinearities.  Then  linearity 
implies  that  if  the  centroid  is  initially  on  axis  with  no 
transverse  velocity,  its  position  at  the  center  of  the  Nth 
quadrupole,  xjsj,  is  the  sum  of  the  individual  perturbations 
from  offsets  of  the  upstream  quadrupoles,  so  that  [1] 

=  2 J£l  f  K„C+n  sin[(V  -  fl)<70] 

V  V+N  n= 1  (1) 

-d_nC_nsin[(N-n)0o-^)}. 

Here  subscripts  +n  and  -n  refer  to  evaluation  at  the  nth 
focusing  and  defocusing  quadrupole,  respectively.  d+n  is 
the  nth  focusing  quad  x  offset.  C+„=(p+nK+„/v+n)1/2sin(0+n/2), 
e+n=  K+n1/2qL+n/v«  and  C- =(p„nK  >),/2sinh(0_n/2).  p  is 
the  betatron  function.  We  assume  that  x  and  y  are 
decoupled,  so  that  the  same  description  holds  for  the  y 
dimension.  We  are  interested  in  random  quadrupole 
misalignments  caused  by  physical  limits  on  fabrication 
and  alignment,  so  we  assume  no  correlation  between  the 
offsets,  and  look  at  statistical  behavior  of  centroid  motion 
averaged  over  many  sets  of  quad  displacements  for  the 
lattice  (average  denoted  by  “<  >”),  with  the  rms  “d”  for 
each  quad  equal  to  dm5.  Then 

<  *2  >N=  4 htL £<  C\n  >  sin2[(/V  - n)a0] 

V+N  n= 1  (2) 

+  <Cln  >sin2[(V-n)cr0-cr0/2]. 

In  IRE  Section  1,  only  sin2((N-n)o0)  in  Eq.  (2),  and 
sin2[(N-n)CT0 )-  <V2],  are  n-dependent,  so  the  sum  is  easily 
done.  For  N»1  the  dependence  of  xN>rms=(<x2>N)l/2  on 
Co  is  negligible,  and  we  find  that 

Lv.rm.y  “  C]  Am.v  V  V ,  (3) 

Thus  the  centroid  motion  is  to  a  good  approximation  (a 
few  percent  for  N>5)  a  random  walk.  ^i— 0+io[2K+io(P+io+ 
P-io)]’/2/2,  where  the  subscript  “0”  refers  to  an  initial  value 
in  IRE  Section  i.  For  present  IRE  design  parameters,  £ i  is 
3.77,  giving  1  mm  centroid  offset  at  the  end  of  the  123 
Section  1  lattice  periods,  for  d^^O.0254  mm  (1  mil). 

In  IRE  Section  2,  the  accelerating  gradient,  V2', 
increases  as  v2.  We  can  approximate  the  gradient  as 
constant  over  each  half  lattice  period,  and  equal  to  the 
average  of  the  gradient  over  that  length,  since  AE/E  «1, 
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where  AE  is  the  energy  increase  in  a  period.  Then  it  is 
easy  to  show  that  v  increases  exponentially  with  z.  Using 
the  fact  that  L°=v1/2,  one  can  show  that  vn°c(l-ng2L20)‘2 
and  (Knp+n)1/2c>cv1/2,  with  g2=qV27(mv2).  This 
determines  the  n  dependence  of  all  quantities  in  Eq.  (1). 
The  sum  can  then  be  done  quite  accurately  if  we  expand  to 
2nd  order  in  g2,  since  g2=0.01.  For  N»l,  and  no 
original  offset  or  angle  in  IRE  section  2,  this  gives 

*N,rms  "  Cld^W  +  Zr  +  ^fW-^N).  (4) 

N  here  is  the  number  of  lattice  periods  traversed  in  Section 
2,  and  c2=g2L20  £2=3.48  for  the  present  design.  Note  that 
the  growth  of  centroid  displacement  is  considerably  slower 
than  N1/2.  This  is  due  to  the  decrease  of  (3,  which^v"^2. 
Further  insight  on  this  result  follows  in  Section  3. 

In  similar  fashion,  using  qV3'/(mv2)«l,  0n«l,  we 
find  for  section  3: 

-  &rmsjN  - 1  -  i  %0ZN2  +  f  7j30Z2N3 .  (5) 

Here  Zsg30L3(/2.  For  the  present  design,  ^3=3.48  and 
Z=0.004  m. 

The  above  results  have  been  derived  assuming  no  initial 
offset  or  angle,  in  order  to  see  the  scaling  for  a  particular 
section.  They  can  easily  be  combined  to  calculate  rms 
centroid  orbit  through  the  accelerator,  using  the  fact  that 
x,N,ms=xN.rm!/P+N  f°r  each  section,  and  using  the  betatron 
formalism  to  carry  the  final  offset  and  angle  for  IRE 
Sections  1  and  2  through  the  rest  of  the  machine.  Results 
agree  with  computer  calculations  to  about  5%. 

3  SMOOTH  APPROXIMATION 
MODEL 

The  calculation  of  centroid  offset  in  Section  2  is  useful  for 
making  accurate  estimates  of  centroid  evolution.  However, 
it  is  often  useful  for  accelerator  designers  to  have  an  even 
simpler  formula  that  gives  more  physical  insight  and  is 
amenable  to  incorporation  into  accelerator  systems  codes. 
To  that  end  we  have  used  the  smooth  approximation  to 
represent  the  centroid  orbit,  but  use  the  matrix 
representation  of  the  momentum  impulse  to  calculate  the 
change  in  amplitude  of  a  particle  undergoing  kicks  from 
displaced  quads.  In  the  absence  of  quadrupole  errors,  the  x- 
equation  of  motion  in  the  smooth  approximation  is: 

d2x/dt2  =  -vz^kp(p-x  (6) 

Here  kpo  =  d(/2L.  Letting  j  denote  the  number  of 
betatron  periods  from  z=0,  then  dj/dz=kpo/2n. 
Transforming  to  j  as  the  independent  variable,  we  find 

t fix/dp-  +  (d  In  COpc/dj)  dx/dj  +  4 n2x  =  0  (7) 

Here  ©po  =  k povz  *s  the  temporal  betatron  frequency. 
From  Eq.(7)  it  is  clear  that  if  (Qpo  increases  with  z,  the 
amplitude  of  the  betatron  motion  decreases  (in  the  absence 
of  displacement  errors.)  We  define  the  amplitude  A 
through  the  equation  A2  =  x2  +x'2/kpo2-  If  follows  that 

dA2/dj+  (l/27t2)(d  ln(Ojy/dj)  ( dx/dj j2  =  0  (8) 


We  now  consider  the  change  in  the  amplitude  arising  from 
randomly  displaced  quads.  The  difference  in  position  Sx 
and  angle  fix’  between  the  centroid  position  with  and 
without  quad  displacement  after  a  focusing  quad  and  drift  is 
fix  =  d_n(  1  -  cos0  +  (1  /  77  —  l)sin  0)  and 
fix’  =  d_n  0  sin  0  /  ( r)L)  (9) 

and  after  a  defocusing  quad  and  drift  is: 

fix  =  d+n(  1  -  cosh  0  —  (1  /  Tj  —  l)sinh  0) 

fix’  =  -fi+/J0sinh  0  /  (tjL)  (10) 

The  resulting  change  in  amplitude  when  averaged  over 
different  distributions  of  quad  errors  is  given  by  <8A2> 
=<fix2>+<fix'2/fcpo2>,  where  terms  linear  in  fix  and  fix’ 
average  to  zero.  Averaging  Eq.(8)  over  error  distributions 
and  adding  effects  from  Eqs.(9),  (10)  yields  the  following 
evolution  equation  for  the  average  amplitude  squared: 

^2M',2}|ln>+/<CTo-,4i±)  (ll) 

Here  i  is  a  half  lattice  period  (one  quad  and  drift)  and 
f(CT0,rj)=(  1  /2)[(  1  -cos0+(  1  /r|- 1  )sin0)2+(  1  -cosh0-((  1  !x\- 
1  )sinh0)2+(20/qao)2(sin20+sinh20)] .  0=[6r|2(  1  -cosa0)/(3- 

2r|)]!/4  (ref.  [2]).  Since  f(a0=0,T|)=12/(3-2T|)  and  variation 
due  to  cto  is  small  relative  to  that  from  T|,  for  some 
purposes  the  Go=0  value  of  f(Go,T|)  >s  adequate. 

In  order  to  compare  the  results  from  integrating  Eq.  (1 1)  to 
the  results  obtained  from  transfer  matrices,  we  need  to 
evaluate  the  "smooth"  component  from  each  AG  orbit. 
This  is  accomplished  by  averaging  over  the  lattice  period 
using  the  following  procedure.  We  assume  that  the  actual 
position  after  i  half-lattice  periods  may  be  expressed  as 
x(i)=Acos(ani/2+§)  +  xLcos(JtO-  We  define  the 
quantities  x(i)  =  (1  /  4)[x(i  - 1)  +  2x(i)  +  x{i  + 1)]  and 
T  (t)  S  (1  /  4)[x’  (i  - 1)  +  2x’  (0  +  x’  (i  +  1)].  The  smooth 
amplitude  is  then  given  by 

A2ff)  =  4(x(02  +x’(/)2/^0)/(1  +  cos(ct0/2))2  (12) 


We  compare  integration  of  Eq.  (11)  with  the  numerical 
amplitude  found  using  Eq.  (12)  in  figure  (1). 


Lattice  Half  Period  Number 

Figure  (1):  <A2>  vs.  half-lattice  number  1,  calculated 
using  Eq.(12)  (upper),  Eq.  (11)  (middle),  and  using  the 
Oq=0  value  of  ffGoJl)  (lower). 
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From  Eq.  (1 1)  it  is  apparent  that  increasing  COpo  with  z 
helps  to  damp  out  betatron  oscillations  and  the  question 
arises  as  to  whether  advantage  can  be  taken  of  this  in 
accelerator  design.  We  note  that  consideration  of  the 
smooth  envelope  equation  places  the  constraint  that  G)po  is 
proportional  to  XI a2  and  for  designs  in  which  the  beam 
radius  a  is  constant  wpo  varies  directly  with  the  line  charge 
X,  suggesting  that  damping  will  generally  accompany 
bunch  compression.  Apertures  and  bunching  schedules 
should  be  chosen  bearing  in  mind  this  relation. 

4  PIC  SIMULATION  RESULTS  FOR 
OFF-AXIS  BEAMS 

Simulations  using  the  2d  (transverse)  version  of  the 
WARP  particle-in-cell  code  were  done  to  investigate  the 
behavior  of  initially  aligned  and  misaligned  beams  in  the 
IRE  for  the  case  of  random  quad  misalignments.  In  order 
to  incorporate  the  effects  of  image  charges  on  the  beam, 
the  presence  of  conducting  boundaries  in  the  three  sections 
of  the  accelerator  was  included  in  the  simulation.  The 
aperture  of  the  accelerator  was  2.86  cm  in  IRE  Section  1 , 
and  was  increased  to  3.36  cm  in  IRE  Sections  2  and  3.  In 
IRE  Section  1,  the  focusing  field  is  generated  by  four 
perfectly  conducting  electrostatic  quadrupole  rods  with  a 
radius  of  3.27  cm.  The  distance  from  the  axis  of  the 
accelerator  to  the  tip  of  the  quadrupoles  was  equal  to  the 
aperture  of  2.86  cm.  The  boundary  in  the  drift  spaces 
between  the  quadrupoles  was  a  square  conducting  box, 
12.26  cm  on  a  side.  In  Sections  2  and  3,  instead  of  four 
quadrupole  rods,  a  circular  conducting  boundary  of  3.36  cm 
was  used  both  in  the  quadrupoles  and  in  the  drift  spaces. 

A  beam  of  K+  ions  was  accelerated  from  1 .6  MeV  to 
200  MeV.  a()  was  set  equal  to  70°,  average  radius  was  1 .5 
cm,  and  the  perveance  was  1.4  x  10'3. 

The  rms  random  quadrupole  offset  was  0.0254  mm  for 
each  of  the  transverse  directions.  In  the  simulations  in 
which  the  beam  was  initially  misaligned,  it  was  initially 
off  axis  by  0.8  mm  in  one  of  the  transverse  directions  at 
the  beginning  of  the  first  drift  space.  This  resulted  in  an 
initial  beam  centroid  oscillation  of  2  mm  in  amplitude. 

In  real  AG  focusing  systems,  since  the  quadrupole  field 
strength  changes  near  the  magnet  ends,  pseudo-octupole 
and  pseudo-dodecapole  fringe  fields  there  will  act 
nonlinearly  on  the  beam  [3],  These  fringe  fields  were 
included  in  a  subsequent  simulation,  assuming  that  the 
quadrupole  field  strength  decreases  smoothly  near  the 
magnet  edge  with  a  fall-off  length  of  4.5  cm.  This  length 
fills  most  of  the  drift  space  in  the  first  few  lattice  periods, 
but  avoids  overlap  of  the  fields  from  one  quad  to  the  next. 

If  the  fringe  fields  are  included  in  the  simulation,  the 
emittance  growth  is  still  small.  Since  the  stepsize  has  to 
be  much  smaller  in  order  to  resolve  the  fringe  fields,  the 
simulation  needed  a  much  longer  running  time  (67,500 
user  CPU  seconds  on  a  Cray  J90). 

The  results  of  simulations  using  80,000  particles  on  a 
256  x  256  grid  are  shown  in  Table  1  and  Figure  2.  The 


emittance  behavior  was  alike  in  both  transverse  directions, 
due  to  coupling  by  nonlinearities.  Maximum  centroid 
offset  was  approximately  1.5  mm,  which  is  consistent 
with  the  results  of  Sections  2  and  3  of  this  paper. 


Table  1:  PIC  simulation  results 


Case 

Particles 

lost 

Emittance 

growth 

Misaligned  quads, 
no  fringe  fields  (a) 

3 

4.1% 

Misaligned  beam, 
no  fringe  fields  (b) 

5 

4.8% 

Misaligned  beam, 
with  fringe  fields  (c) 

3 

5.2% 

Misaligned  quads, 
misaligned  beam, 
no  fringe  fields  (d) 

42 

5.9% 

Figure  2:  Increase  in  the  normalized  transverse  emittance 
in  case  of  misalignments  in  the  IRE. 

We  conclude  that  moderate  misalignments  in  the  IRE  do 
not  lead  to  any  significant  emittance  growth.  These  are 
encouraging  results  for  beam  stability  in  the  IRE. 

5  CONCLUSIONS 

We  have  derived  very  accurate  formulas  for  the  statistical 
behavior  of  the  beam  centroid,  given  various  practical 
scalings  of  lattice  parameters,  and  shown  that  increasing 
X/a2  with  z  can  produce  damping  of  the  centroid  offset. 
These  results  can  be  used  as  design  guidance,  and  to 
estimate  necessary  aperture,  given  fabrication  and 
alignment  tolerances.  PIC  simulations  for  a  preliminary 
IRE  design  show  very  small  emittance  growth  (~5%)  due 
to  beam  and  quadrupole  misalignments  for  rms  quad 
displacement  of  0.0254  mm. 
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Abstract 


Synchrotron  oscillations  in  a  storage  ring  can  be  driven 
by  noise  in  the  storage  ring  RF  system.  For  phase  noise 
in  the  master  oscillator,  which  falls  off  exponentially  with 
frequency,  we  show  that  beam  oscillations  can  become  sig¬ 
nificant  in  cases  of  moderate  to  heavy  beam  loading.  We 
derive  the  transfer  function  for  generator  phase  to  beam 
phase  and  calculate  the  beam  motion  using  the  measured 
phase  noise  in  several  master  oscillator  sources.  This  is 
compared  with  measurements  of  the  beam  noise  made  at 
the  Advanced  Light  Source,  a  1.5-1. 9  GeV  electron  stor¬ 
age  ring. 


noise,  and  beam  measurements.  Conclusions  are  given  in 
section  4. 


1  INTRODUCTION 

In  the  summer  of  1998,  scientists  using  the  infrared  syn¬ 
chrotron  light  beam  line  at  the  Advanced  Light  Source 
(ALS)  reported  observations  of  beam  motion  in  the  fre¬ 
quency  range  of  4  to  10  kHz,  variable  with  total  beam  cur¬ 
rent.  Our  investigations  linked  the  beam  motion  to  energy 
oscillations  of  the  beam  at  a  point  of  dispersion  in  the  lat¬ 
tice.  These  oscillations  were  found  to  be  driven  by  phase 
noise  in  the  RF  master  oscillator  (MO),  which  eventually 
was  replaced  with  a  lower  noise  MO.  This  paper  describes 
the  model  used  to  calculate  the  effect  of  the  phase  noise  on 
the  beam  and  compares  calculations  with  measurements  of 
beam  motion. 

The  dynamics  of  the  interaction  of  a  radiofrequency  (RF) 
cavity  with  the  beam,  known  as  the  Robinson  effect[l],  are 
well  understood  as  are  the  regions  of  stability  in  the  inter¬ 
action.  Although  a  storage  ring  RF  system  is  always  con¬ 
figured  to  Robinson  stable,  the  effect  of  noise  in  the  RF 
system  can  be  significant[2],  particularly  in  cases  of  moder¬ 
ate  to  heavy  beam  loading,  where  the  Robinson  frequency 
shift  is  large  enough  that  the  beam  couples  to  low  frequency 
noise  sources.  In  this  paper,  we  determine  the  beam  motion 
driven  by  phase  noise  in  master  oscillator  in  the  RF  source 
in  the  limits  of  heavy  beam  loading.  In  particular,  we  are 
concerned  with  energy  oscillations  of  the  beam.  Calcula¬ 
tions  of  the  effects  are  compared  with  beam  measurements 
made  on  the  Advanced  Light  Source,  a  1 .5-1 .9  GeV  elec¬ 
tron  storage  optimized  for  producing  synchrotron  radiation. 

Section  2  reviews  the  beam-cavity  interaction  using  the 
Pedersen  small-signal  model  the  find  the  transfer  functions 
between  the  generator  phase  and  beam  phase  and  energy. 
Section  3  presents  measurements  of  master  oscillator  phase 
noise,  calculations  of  the  beam  noise  using  the  measured 


Figure  1:  Phasor  diagram  for  steady-state  beam  loading 
and  the  cavity  equivalent  circuit.  The  generator  and  beam 
are  represented  as  equivalent  current  sources. 


2  PEDERSEN  MODEL  OF 
BEAM-CAVITY  INTERACTIONS 


The  Pedersen  model[3,  4]  is  a  convenient  model  for  find¬ 
ing  the  stability  of  the  beam-cavity  interaction  as  well  as 
describing  the  transmission  of  small  signal  deviations  of 
the  RF  variables,  such  as  the  generator  voltage  or  phase  to 
other  parameters  such  as  the  beam  amplitude  or  phase.  An 
equivalent  circuit  for  the  beam-cavity  interaction  and  a  pha¬ 
sor  diagram  of  the  relative  currents  and  voltages  is  shown  in 
Fig.  1 .  Transmission  of  small  signal  variations  of  generator, 
cavity,  and  beam  amplitude  and  phase  can  be  represented 
in  a  scalar  signal  flow  diagram  as  shown  in  Fig.  2.  ac,  Pc\ 
ac,  Pg<  clb  and  ps,  are  small  amplitude  variations  of  the 
generator  and  beam  amplitude  and  phase,  respectively.  The 
transfer  functions  from  total  current,  It  to  cavity  voltage 
Vc  are  given  in  general  by 


Gpp(s)  —  Gaa(s)  —  ^ 


{  Z(s  +  jujrf) 

V  Z(juJrf ) 


f  Zjs  +  JUrf) 
V  Z(jUrf) 


Z(s-jurf)\ 

Z{—joJrf)  J 
(1) 

Z(s  -  juy/)\ 
Z{~jurf)  ) 


(2) 

where  the  frequency  s  =  joJ  and  the  subscripts  refer  to 
phase-to-phase  or  phase-to-amplitude  modulations.  Z(s) 
is  the  cavity  impedance  given  by 


Z(s) 


2  aRs 
s2  +  2a  s  + 


(3) 


*  This  work  was  supported  by  the  U.S.  Dept.of  Energy  under  Contract 
No.DE-AC03-76SF00098. 
t  jmbyrd@lbl.gov 


R  is  the  cavity  shunt  impedance,  lor  is  the  cavity  resonant 
frequency,  a  =  lur/2Q  is  the  damping  rate  of  the  cavity 
amplitude  and  Q  is  the  quality  factor.  The  superscript  on 
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Figure  2:  Scalar  signal  flow  diagram  using  the  Pedersen 
model  of  linear  beam  cavity  interaction. 


Parameter 

Description 

Value 

E 

Beam  energy 

1.9  GeV 

frf 

RF  frequency 

499.664  MHz 

Vrf 

total  RF  voltage 

1.08  MV 

h 

Harmonic  number 

328 

Nc 

Number  of  cells 

2 

R 

unloaded  shunt  imp. 

5.3  Mfi 

Q 

unloaded  quality  factor 

43000 

& 

coupling  beta 

2.4 

<t>L 

loading  angle 

-0.2  rad 

Uq 

rad.  loss/turn 

337  keV 

fs 

synch,  frequency 

10.2  kHz 

V 

Momentum  compaction 

1.6  x  10"3 

Trad 

rad.  damping  time 

13.5  msec 

Table  1 :  Nominal  ALS  RF  parameters. 


Figure  3:  Computed  beam  phase  and  energy  transfer  func¬ 
tions  using  cavity  parameters  as  a  function  of  total  current. 

damping,  respectively.  To  compute  the  total  beam  motion, 
one  simply  integrates  the  product  of  the  noise  spectrum  and 
the  transfer  function.  If  the  noise  had  a  flat  frequency  distri¬ 
bution  (i.e.  white  noise),  the  spectrum  of  the  phase  motion 
would  be  proportional  to  the  transfer  function.  However,  if 
the  noise  spectrum  fell  off  exponentially  at  higher  frequen¬ 
cies,  as  is  the  case  with  phase  noise  in  the  master  oscillator, 
the  beam  would  be  more  strongly  excited  at  higher  current 
with  a  larger  Robinson  frequency  shift.  The  next  section 
shows  measurements  made  at  the  ALS  confirming  this. 


the  current  to  voltage  transfer  functions  represents  modula¬ 
tions  of  either  the  generator  or  beam  and  are  given  by  the 
projections  of  the  generator  or  beam  current  onto  the  total 
current  as  shown  in  Fig.  1. 

The  transfer  function  from  generator  phase  modulation 
to  beam  phase  modulation  is  given  by 

Pb  _  {GpP  +  tan  (f)BGpa)  Bi 
pc  1-  +tan&,G&) 


where  B\  is  the  beam  phase  transfer  function  and  is  given 
by 


Bx(s) 


to 


2 

s 


s2  +  2a  bs  +  w2 


(5) 


where  ob  is  the  radiation  damping  rate.  The  beam  energy 
transfer  function  is  given  by 


S(s)  =  — 5i(a)  (6) 

UJr/a 


where  a  is  the  momentum  compaction. 

The  transfer  functions  for  the  beam  phase  and  energy, 
computed  for  the  nominal  ALS  beam  current  range  are 
shown  in  Fig.  3.  For  example,  the  phase  transfer  func¬ 
tion  shows  a  downward  frequency  shift  as  well  as  an  ini¬ 
tial  damping.  These  are  the  Robinson  frequency  shift  and 


3  MEASUREMENTS 


Figure  4:  Phase  noise  from  the  three  master  oscillator 
sources  express  in  dB  from  the  carrier  in  a  1  Hz  bandwidth. 
The  values  for  the  crystal  oscillator  and  HP  ESG1000A  are 
measured  and  the  noise  for  HP8644B  is  derived  from  val¬ 
ues  from  the  manufacturer. 

The  ALS  presently  has  three  MO  sources:  a  crystal  os¬ 
cillator  with  a  ±5  kHz  tuning  range,  an  HP  ESG1000A 
signal  generator  which  has  the  feature  that  the  frequency 
can  be  changed  without  interruption  to  the  RF  signal,  and 
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Figure  5:  a)  Measured  beam  phase  noise  vs.  total  beam 
current  using  the  HP8644B  signal  generator  as  the  MO.  b) 

Calculated  phase  noise  at  the  same  beam  currents. 

an  HP8644B  low  phase  noise  signal  source,  which  was  pur¬ 
chased  when  the  source  of  the  phase  noise  was  identified. 
To  determine  the  amount  of  beam  motion  driven  by  the 
phase  noise  in  the  MO,  we  measured  the  phase  noise  by 
simply  observing  the  spectrum  of  phase  modulation  side¬ 
bands  generated  on  a  spectrum  analyzer.  This  is  shown  in 
Fig.  4  in  units  of  dBc  per  Hz  from  the  500  MHz  carrier. 
Unfortunately,  the  noise  for  the  HP8644B  is  too  low  to  be 
measured  in  this  way  and  thus  only  the  catalog  values  are 
shown. 

Beam  phase  measurements  were  made  by  recording  the 
frequency  spectrum  of  the  sum  of  four  beam  position  moni¬ 
tors  (BPMs).  The  synchrotron  oscillations  phase  modulate 
the  beam  signal,  following  a  simple  relation  between  the 
modulation  sideband  and  the  carrier.  Measurements  were 
made  at  a  center  frequency  of  1499  MHz  (3  *  /rf)  to  be 
more  sensitive  to  phase  oscillations.  Shown  in  Fig.  5  are 
measurements  of  the  spontaneous  beam  motion  over  the 
nominal  range  of  beam  current  using  the  HP8644B  as  MO. 
The  calculated  motion  shows  fairly  good  agreement  with 
the  measured  motion,  particularly  at  lower  beam  current. 
The  disagreement  at  high  current  may  be  due  to  the  re¬ 
sponse  of  the  coupled-bunch  feedback  system  which  has 
been  neglected  in  calculations  of  the  transfer  function. 

The  effect  of  reducing  the  MO  phase  noise  is  shown  in 
Fig.  6  which  shows  the  spectrum  of  beam  motion  using  the 
HP  ESG1000A  and  HP8644B.  The  beam  motion  is  reduced 
by  the  ratio  of  the  noise  in  the  two  MOs. 


Figure  6:  Measured  beam  noise  using  the  two  HP  syn¬ 
thesizers  described  above.  The  reduction  corresponds  to 
the  expected  reduction  in  phase  noise.  Harmonics  of  the 
klystron  power  supply  are  visible  with  the  reduced  phase 
noise. 

the  ALS.  The  combination  of  the  Robinson  effect  and  the 
phase  noise  increases  the  coupling  of  the  phase  noise  to 
the  beam  for  increasing  beam  loading.  Calculations  of  the 
beam  motion  from  the  measured  MO  phase  noise  show 
fairly  good  agreement  with  beam  measurements.  This 
effect  can  be  serious  for  heavily  loaded  electron  storage 
rings,  necessitating  consideration  of  the  master  oscillator 
design  or  possibly  RF  feedback  to  reduce  the  problem. 

The  author  would  like  to  thank  Drs.  F.  Pedersen  and  M. 
Minty  for  many  useful  discussions. 
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4  CONCLUSIONS 

We  have  identified  phase  noise  in  the  500  MHz  master  os¬ 
cillator  as  a  source  of  driven  synchrotron  oscillations  in 
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SINGLE  BUNCH  LONGITUDINAL  INSTABILITIES 
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Abstract 


In  this  paper  we  try  to  explain  the  single  bunch  energy 
spread  increasing  in  a  proton  storage  ring.  Different  from  an 
electron  machine,  the  random  motions  of  some  particles  of 
a  bunch  are  caused  by  the  nonlinear  synchrotron  oscillations 
perturbed  by  the  short  range  longitudinal  wakefield.  An  an¬ 
alytical  single  bunch  threshold  current  formula  has  been  es¬ 
tablished  to  indicate  the  beginning  of  the  longitudinal  ran¬ 
dom  motions.  By  using  kinetic  descriptions  one  shows  that 
the  energy  spread  of  the  particles  which  execute  random  mo¬ 
tions  will  increase,  and  the  energy  spectrum  width  of  the 
random  motions  will  be  enlarged  with  increasing  bunch  cur- 


1  INTRODUCTION 

The  problem  of  the  longitudinal  instabilities  in  a  proton  stor¬ 
age  ring  is  quite  different  from  that  in  an  electron  one  where 
the  synchrotron  radiation  plays  an  important  role  [1].  It  is 
observed  experimentally  that  below  an  apparent  threshold 
bunch  current  the  bunch  length  increases  with  increasing 
current  while  the  bunch  energy  spread  remain  unchanged, 
and  the  mechanism  of  this  bunch  lengthening  is  explained 
quite  well  by  the  potential  well  distortion  theory.  When 
the  bunch  current  surpasses  the  threshold  value  the  energy 
spread  of  the  bunch  increases  also.  In  this  paper,  we  try  to 
explain  the  mechanism  of  the  single  bunch  energy  spread  in¬ 
creasing  in  a  proton  storage  ring  and  establish  an  analytical 
formula  for  the  threshold  current. 

2  LONGITUDINAL  MOTION 
PERTURBED  BY  SHORT  RANGE 
WAKEFIELD 

In  a  circular  proton  storage  ring  a  non-synchronous  particle 
will  oscillate  around  the  the  synchronous  one  under  the  rf 
focusing  in  the  longitudinal  direction,  and  its  phase  <j>  with 
respect  to  the  rf  accelerating  potential  is  determined  by  the 
following  differential  equation  [2]: 

<P<b  D2 

^  +  ^(sin^_sinW  =  0  (1) 


_  eVhr)Uis  cos  4>s 
2ttRsps 

where  V  is  the  peak  accelerating  voltage,  h  is  the  harmonic 
number,  r)  —  I/72  -  a,  7  is  the  normalized  particle  energy, 
a  is  the  momentum,  Rs  is  the  average  radius  of  the  ring, 
w,  =  c/ Rs,  p,  and  <ps  are  the  momentum  and  the  phase  of 
the  synchronous  particle.  For  the  convenience  in  the  later 


mathematical  treatment,  we  approximate  eq.  1  by  the  fol¬ 
lowing  differential  equation 

+  ^5  sin  A</>  =  0  (3) 

where  A<f>  =  <j>  —  <j>s.  For  the  stationary  bucket  eq.  1  and 
eq.  3  are  equivalent.  It  is  obvious  that  A <j>  oscillates  as  a 
pendulum.  The  deviation  of  a  particle  with  respect  to  the 
synchronous  one  in  terms  of  energy  is  expressed  as  follows: 


A  E  =  - 


RsPs  dA<f> 
hr/  dt 


By  defining  P  =  and  Q  =  A<p,  eq.  3  can  be  derived 
from  an  Hamiltonian  H(Q,  P,  t)  expressed  as 

H(Q,P,t)  =  ^P2  -Q7  cos  Q  (5) 

where  P  and  Q  are  canonical.  Let  us  change  P  and  Q  to  the 
action-angle  variables,  I  and  6.  By  introducing  two  vari¬ 
ables  ( N  and  £) 

S'  =  sP  +  4)  <«> 


N  sin  £  =  sin  7- ,  (N  <  1) 


one  gets  [3] 


1(H)  =  V  N)  -  (1  -  N2)F(\-,  N))  ,  (N  <  1) 

(8) 

0=^11  (9) 

with 

S(Q,  I)  =  4fis  (£(£;  N)  -  (1  -  A2)F(£;  N))  ,(N  <  1) 

(10> 

where  F( £;  N)  and  f?(£;  N)  are  the  first  and  second  kind 
elliptical  integrals,  respectively.  The  frequency  of  this  non¬ 
linear  oscillator  can  be  obtained  easily  as 

(l(H)=!Wl=  .  ,(N<1)  (11) 

;  dl  2F(f;A)  ~  ’ 

It  is  obvious  that  on  the  separatrix  ( N  =  1)  one  has  H  = 
Hc  =  fi2,  and  Q(HC)  =  0.  Due  to  the  interaction  between 
the  charged  particles  and  the  environment,  after  each  turn 
a  bunch  will  loss  energy  W  =  e2N~tCt^t(<Tz),  where  Np 
is  the  number  of  particles  in  the  bunch,  is  the  to¬ 

tal  longitudinal  loss  factor  of  one  turn,  and  crz  is  the  bunch 
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length  (here  we  assume  that  particles  are  relativistic,  oth¬ 
erwise,  K}[Jj  (crz )  will  depend  on  the  particle  velocity,  and 
space  charge  forces  should  be  taken  into  account).  This  en¬ 
ergy  loss  will  be  compensated  by  the  rf  cavities.  Since  the 
short  range  longitudinal  wakefield  varies  within  the  bunch 
and  the  synchrotron  oscillation  period  is  much  longer  than 
that  of  one  revolution,  the  additional  energy  variation  of  a 
particle  due  to  the  short  range  wakefield  after  each  turn  can 
be  reasonably  expressed  as 

dE  =  Uw  cos  9  =  e2 NpKti°J'{cTz)  cos  0  (12) 


where  Q'  =  dQ/dl.  We  transform  then  the  universal  map¬ 
ping  into  standard  mapping  which  is  expressed  as 

Jn+i  =  Jn  +  Ko  sin  'P  (20) 

*»+l  =  +  Jn  + 1  (21) 

where  $  =  20,  J  =  2 T0Q'I,  K0  =  4Q'T02AF0,  and  a 
constant  term  has  been  omitted  from  eq.  21.  At  this  stage 
we  can  discuss  the  condition  on  which  there  starts  to  have 
chaotic  motions.  To  this  end  we  can  use  the  Chirikov  crite¬ 
rion  [4]  which  shows  that  when 


Obviously,  averaging  over  one  synchrotron  period  one  has 
<  dE  >—  0.  Taking  into  account  this  additional  energy 
variation  after  each  revolution  and  the  fact  that  this  happens 
at  instants  4  with  constant  interval  To  (To  is  the  revolution 
period),  a  new  Hamiltonian  can  be  represented  in  the  form: 

oo 

=  h{i)  +  -ap2t0  52  8{t-kT0) 

=  —  CO 

=  H{I)+{d2R]p *(<-*To) 

=  +  b  J2  (13) 

where  we  have  omitted  the  crossing  term  coming  from  eq. 
4  and  eq.  12  since  both  quantities  are  statistically  indepen¬ 
dent.  Eq.  13  can  be  simplified  as 

OO 

H(I,  0,  ty  =  #(/)  +  AHTo  52  S(t  -  kTo) 

fc=-o 0 

-  m  +  -lhy^S‘:-To  f)  S ((-Mo)  (14) 

fc  =  -  oo 

where  a  constant  term  has  been  dropped,  and 

772  j-yyz 

AH  =  AH0  cos  20  =  !t  '  cos  20  (15) 


Consequently,  one  has 

dJ  _  8AH 

dt  dd 


To  52  S(t-kTo) 


\K0\  >  1(0.97)  (22) 

the  Kolmogorov- Arnold-Moser  (KAM)  invariant  tori  will 
be  broken  and  the  particles  which  satisfy  this  condition  will 
move  in  a  random  way.  From  eq.  22  one  gets  the  threshold 
bunch  current  of  the  onset  of  the  stochastic  motion 


Ib.th  — 


e\fW\Toh\Tl\KTHaz) 


Taking  advantage  of  our  simplifying  the  longitudinal  motion 
of  a  particle  to  a  pendulum,  we  can  have  the  analytical  ex¬ 
pression  for  Q'.  When  a  particle  moves  near  the  separatrix, 
one  gets 


|n'|  = 


7t4|1  —  Hb/ Hc\  V  |1  -Hb/H, 


where 


~  =  Q(/)  +  ~^j~To  f2  S(t-kT0)  (17) 

k  =  —  oo 

Since  the  kicks  on  the  pendulum  H(I)  repeat  after  constant 
time  interval  To ,  and  between  the  kicks  the  motion  is  known, 
one  can  replace  eqs.  16  and  1 7  by  a  so-called  universal  map¬ 
ping- 

j  -j  r9AH  run 

4+1  —  In—  i  0  qq  (Jo) 

0n  +  l  =  0n  +  (4T o  +  fi'/n  +  1To  (19) 


<25) 

Hc  \oEmaxJ  ^eVG^s) 

G((j>s)  =  2cos(?iJ1  —  (7r  —  2<4)  sin  (26) 

Hb  and  SEb  are  the  maximum  Hamiltonian  value  and  the 
relative  energy  spread  of  the  bunch,  8Emax  is  the  maxi¬ 
mum  acceptance  of  the  rf  bucket  in  terms  of  relative  energy 
spread,  /?  and  E$  are  the  normalized  velocity  and  the  energy 
of  the  particle,  respectively. 

3  ENERGY  SPREAD  INCREASING 

For  those  particles  which  have  already  executed  chaotic  mo¬ 
tions  a  kinetic  description  of  them  will  be  appropriate.  We 
will  loss,  certainly,  some  detailed  information  on  the  particle 
trajectories,  this  method,  however,  will  help  us  to  get  use¬ 
ful  physical  results.  When  the  random  motion  occurs  eqs. 
20  and  21  can  be  regarded  as  a  Markov  process,  and  in  con¬ 
sequence,  the  possibility  distribution  function  F(t ,  I)  is  de¬ 
scribed  by  the  Fokker-Planck  equation: 

dF  _  d{AF)  ld2(VF) 

dt  dl  2  OP  ’ 

where  A  and  V  are  defined  as  follows: 


1  P 
~  2ttT  J0 
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1  f 2* 

V=2ifl  ^  <29> 

where  T  is  a  small  time  interval.  The  legitimation  of  making 
average  over  the  phase  9  is  based  on  the  fact  that  the  particle 
which  moves  randomly  will  mix  its  phase  in  the  phase  space. 
For  our  specific  case  described  by  eqs.  18  and  19  with  T  = 
To,  one  has 

-4  =  0  (30) 


■iR'ip'i  0 

Putting  A  —  0  and  V  into  eq.  27,  one  gets 


8F  _  1T)d2F 
dt  ~  T  dl2 


(32) 


By  virtue  of  Wiener- Khintchine  theorem,  we  know  that  the 
spectral  power  density  of  the  random  variable  is  the  Fourier 
transform  of  its  autocorrelation  function,  and  we  have  then 

S(oj)  —  - —  /  exp  {iujt)Ti{i)dt 

2?r  J-oo 


1  rc 

=  -Ho  ,  '  ,  2  2 

JT  1  + 

The  power  spectrum  S{ui)  falls  off  rapidly  when 


u  >  utc 


1_ 

Tc 


(39) 


Tlie  variation  of  ujc  with  respect  to  the  bunch  current  can 
be  measured  experimentally,  and  apparently,  one  has  uic  <x 
In  (4). 


From  eq.  32,  one  finds  that  stochastic  heating  occurs  in  the  5  DISCUSSION  ON  THE  BUNCH 

following  way:  LENGTHENING 


<  I2  >=  I2  +  Vt  (33) 

where  <  1 2  >=  /0°°  I2FdI.  Similarly,  one  finds 

<  A  E2  >=  A  El  +  Vet  (34) 

= H  <35> 

Obviously,  the  amplitude  of  the  energy  deviations  of  those 
particles  executing  random  motions  will  increase  with  time. 
From  eq.  35  it  is  evident  that  the  resistive  part  of  the 
impedance  of  the  machine  determines  the  diffusion  coeffi¬ 
cient  instead  of  the  reactive  part.  The  relevant  effect  of  the 
interaction  between  the  charged  particles  with  the  reactive 
part  impedance  is  the  potential  well  distortion  which  results 
in  the  reduction  of  the  area  of  the  rf  bucket. 

The  distinction  between  an  electron  and  a  proton  storage 
rings  is  that  there  exists  always  a  stable  (cold)  core  in  the 
bunch  of  proton  particles  around  the  synchrotron  particle 
where  no  energy  spread  increasing  occurs. 


4  THE  POWER  SPECTRUM  OF  THE 
RANDOM  MOTIONS 

As  shown  in  section  2,  when  the  bunch  current  surpasses 
the  threshold  current  4,t/>,  some  particles  in  the  bunch  will 
execute  random  motions,  and  the  longitudinal  positions  of 
these  particles  will  be  random  variables.  When  4  h,th, 
the  autocorrelator  of  these  random  motion  has  the  form  [3] 


In  a  proton  machine,  a  bunch  suffers  from  potential  well  dis¬ 
tortion  induced  bunch  lengthening  just  like  what  happens  in 
an  electron  storage  ring.  When  4  >  4,tA  some  particles  in 
the  bunch  will  execute  random  motions  and  the  synchrotron 
oscillation  amplitudes  of  these  particles  will  increase  (but 
not  those  of  the  particles  in  the  stable  core).  In  a  global  point 
of  view,  the  bunch  length  increases  much  more  quickly  with 
respect  to  the  increasing  bunch  current  compared  with  when 
4  <  h,th  -  Since  not  all  particles  participate  the  random 
motions,  it  is  much  more  difficult  to  get  some  simple  for¬ 
mulae  or  equations  to  describe  the  global  bunch  lengthening 
and  the  energy  spread  increasing  for  the  whole  bunch  cur¬ 
rent  range  as  what  has  been  done  in  ref.  1  for  the  electron 
storage  rings. 

6  CONCLUSION 

In  a  proton  storage  ring,  it  is  shown  that  the  nonlinear  lon¬ 
gitudinal  motion  perturbed  by  the  short  range  longitudinal 
wakefield  can  change  the  regular  synchrotron  motions  of 
some  particles  in  a  bunch  into  random  ones.  An  analytical 
formula  of  the  threshold  current  for  the  onset  of  the  random 
motion  is  established.  The  particles  which  execute  random 
motions  will  be  heated  and  their  energy  spread  will  increase. 
The  width  of  the  energy  spectrum  of  the  random  motions  is 
proportional  to  In  4- 
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Abstract 

It  is  assumed  that  Fermion  particles,  such  as  electron  and 
proton,  in  a  matched  beam  follow  Fermi-Dirac  statistics  in 
the  equilibrium  state.  Parametric  resonances,  chaotic  mo¬ 
tion,  and  halo  formation  in  transverse  direction  of  motion 
are  investigated  analytically.  The  analytical  expressions  for 
the  parametric  resonances  and  the  maximum  transverse  po¬ 
sition  deviation,  above  which  chaotic  motion  starts  to  oc¬ 
cur  due  to  transverse  beam  envelope  oscillation,  are  derived. 
Analytical  formula  for  the  current  loss  rate  is  established. 

I  INTRODUCTION 

Recently,  high  power  ion  beams  are  more  and  more  de¬ 
manded  in  the  related  possible  applications  such  as  ther¬ 
monuclear  energy  production,  transmutation  of  radioactive 
wastes,  the  production  of  tritium  and  the  special  materials, 
and  the  conversion  of  plutonium.  One  of  the  major  chal¬ 
lenges  on  the  linac  is  to  keep  the  machine  maintenance  hand- 
accessible  which  can  be  roughly  quantified  by  a  rule-of- 
thumb  of  the  average  particle  loss  rate  <  1  nA/GeV/m  [1]. 
The  lost  particles  are  mainly  from  the  halo  which  surrounds 
the  beam  core.  Among  others,  the  particle-core  model  pro¬ 
posed  by  O’Connell,  Wangler,  Mills,  and  Crandall  [2]  is  the 
simplest  and  the  most  explored,  which  illustrates  many  im¬ 
portant  features  of  the  dynamics  of  the  particles  which  con¬ 
stitute  the  halo  with  the  assumption  that  the  core  has  a  uni¬ 
form  density  and  zero  emittance.  A  good  summary  of  what 
we  know  about  the  halo  formation  in  linacs  is  given  in  ref. 
3.  The  problem  with  the  existing  models,  however,  is  that  it 
is  not  obvious  to  predict  the  particle  loss  rate.  In  this  paper 
we  try  to  explain  analytically  the  halo  formation  processes 
in  detail,  and  try  to  estimate  the  halo  current  loss  rate  ana¬ 
lytically. 

2  PARTICLE  DENSITY  DISTRIBUTION 

Kapchinskij  and  Vladimirskij  derived  the  envelope  and  sin¬ 
gle  particle  transverse  motion  differential  equations  for  a 
continuous  beam  as  follows  (we  limit  ourselves  to  round  and 
continuous  beams)  [4]: 

-  Envelope  equation: 


proton). 

-  Single  particle  equations: 

d2x  (  2  K\ 

5?+("”-/pr=0  <2) 

when  x  <  R,  and 

d2x  2  I< 

—  (3) 

when  x  >  R.  Since  the  KV  envelope  equation  is  derived 
from  a  specific  microcanonical  distribution,  the  validity  for 
the  other  kinds  of  distribution  is  not  automatic.  According  to 
Lapostolle  [5]  and  Sacherer  [6],  one  can  use  the  same  form 
of  envelope  equation  for  any  possible  particle  distributions 
provided  that  the  envelope  and  the  emittance  are  defined  as 

R2  =  4^  (4) 

e  =  A\/ x2x'2  —  xx ,2  (5) 

From  now  on  the  form  of  the  envelope  equation  expressed 
in  eq.  1  is  regarded  as  particle  density  distribution  indepen¬ 
dent.  Now  we  distinguish  two  cases:  the  matched  and  mis¬ 
matched  beams.  Considering  now  a  continuous  focusing 
channel,  for  the  first  case  one  means: 

(6) 

and 

d2x  9 

d?+“>  =  °  (7) 

for  x  <  R,  where  u2  =  e2  /  RA.  For  the  matched  case,  ap¬ 
parently,  when  e  =  0  the  motions  of  particles  within  the 
beam  envelope  can  be  equivalent  to  those  of  particles  in  col¬ 
lision  free  gas  of  zero  temperature  (in  this  paper  we  consider 
only  Fermion  gas  such  as  electron  and  proton  which  have 
half-integral  spins).  For  the  zero  emittance  matched  beam 
envelope  radius,  R0,  one  finds  Ro  =  VK/ujq.  When  e  ^  0 
the  stationary  envelope  radius  will  become  R  =  Rq  +  SR. 
Putting  this  expression  into  eq.  1 ,  for  8R  «  R,  one  finds 


d2R  „  K  e2  n 
—  +  u0R---- 3=0 


where  R  is  the  beam  envelope  in  a  continuous  solenoid  fo¬ 
cusing  channel,  K  =  2(7{,//o)/(/?7)3,  ttc  is  the  beam  un¬ 
normalized  transverse  emittance,  7  and  fi  are  the  normal¬ 
ized  particle’s  energy  and  velocity  (v/c),  respectively,  R  is 
the  beam  current,  and  R  =  4neoTrmoc3 / q  with  mo /q  being 
the  mass  charge  ratio  of  the  particle  (Iq  =  3.1  x  107  A  for 


SR  = 


2u2Rl 


(8) 


From  eq.  1  one  knows  that  if  R  deviate  a  little  bit  from  R0  at 
zero  emittance  limit  the  envelope  oscillates  approximately 
like  an  harmonic  oscillator: 


d2SR 

dz2 


-j-  u>r8R  —  0 


(9) 


0-7803-5573-3/99/$  1 0.00  @  1999  IEEE. 
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where  ur  =  \/2aJo  which  is  called  the  envelope  oscillation 
frequency.  Now  we  are  at  the  stage  to  estimate  the  equilib¬ 
rium  particle  density  distribution  function,  n(x).  As  noted 
above  we  regard  the  particles  in  the  matched  beam  as  the 
particles  in  a  Fermion  gas,  and  in  consequence,  the  density 
distribution  follows  Fermi-Dirac  statistics: 


n(E)  = 


1  +  exp  ((E  —  p)/kT) 


n(x)  = 


1  +  exp  ((x2  -  _R§)/A|>) 


where  Ad  is  estimated  as  follows: 


_  thermal  _ 


SR2wr 


2  ulRl 


Now  we  look  at  a  more  general  situation  when  the  beam  is 
not  matched  with  R  =  R0  +  A R  and  A R  «  R0.  In  anal¬ 
ogy  with  SR  we  know  that  A  R  oscillates  with  envelope  fre¬ 
quency,  uir  also.  In  the  equilibrium  state  (there  is  no  diffu¬ 
sion  process  exists)  particles  are  assumed  to  follow  Fermi- 
Dirac  statistics  as  in  the  case  of  matched  beam.  The  general 
expression  for  Ad  is  obtained  as: 


\2  _  v thermal 

An  —  - « 


(SR2  +  AR2)cjj 


where  oj\r  =  2ui2jAR/ R0,  A R  and  SR  are  statistically 
independent.  When  A R  =  0  eq.  14  reduces  toeq.  12.  In 
the  case  where  the  contribution  from  the  definite  emittance 
can  be  neglected  eq.  14  can  be  simplified  as: 


/AdV  A* 

V  Ro  J  Ro 


where  A Rc(z)  =  A Rc(z  +  Lc),  and  Lc  is  the  envelope 
modulation  period.  If  A Rc(z)  is  expressed  as  a  sinusoidal 
function  of  longitudinal  position,  z,  the  stability  region  of  x 
will  be  determined  by  Mathieu  equation.  Not  sticking  to  the 
mathematic  rigor  we  assume  that  ARc(z)  is  approximated 
by:  ARc(z)  =  ARco  when  0  <  z  <  Lc/ 2  and  A Rc(z)  = 
—ARco  when  Lc/2  <  z  <  Lc.  Defining 


where  E  is  the  particle’s  transverse  oscillation  energy,  p  is 
the  chemical  energy  of  the  gas,  k  is  the  Boltzmann  constant, 
and  T  is  the  temperature  of  the  gas.  The  transverse  oscilla¬ 
tion  energy  of  a  particle  is  proportional  to  the  square  of  its 
plasma  oscillation  amplitude  and  A ;T  is  proportional  to  the 
square  of  Debye  length,  A d  •  One  rewrites  eq.  10  as 


p  2t r  p 


one  gets  the  stable  and  the  parametric  resonance  regions  de¬ 
scribed  by  the  functions  [7]: 


n  ±  — ,n  =  1,2,3,  -  -  - 
\/8nd 


u>'  fa  k/2  ± 


- ,  Ar  —  1,3,5,- 


For  k  =  1  we  obtain  the  result  obtained  by  Gluckstem  [8] 
that  when  the  particle  frequency  is  about  one  half  the  core 
frequency  the  parametric  resonance  occurs.  In  this  paper  we 
generalize  this  particular  conclusion  to  a  more  general  one: 
when  the  particle  frequency  is  about  an  integer  times  one 
half  the  core  frequency  the  parametric  resonance  occurs. 

4  THE  ONSET  OF  HALO  DUE  TO 
NONLINEAR  RESONANCES  AND 
STOCHASTIC  MOTIONS 

As  we  have  assumed  in  section  2  the  trajectory  of  a  parti¬ 
cle  located  in  the  nonuniform  density  region  is  determined 
by  eq.  3.  If  we  define  x  =  Ro  +  Ax,  where  Ax  <C  Ro, 
one  finds  Ax  satisfies  the  following  nonlinear  differential 
equation: 

d2Ax  2  K 
—r —  +  wo Ax  +  -5“  Ax 


To  study  single  particle  dynamics  we  assume  that  for  x  < 
Ro  —  Ad  and  x  >  R0  —  Ad  the  particle  transverse  motions 
are  described  by  eqs.  2  and  3,  respectively. 

3  INSTABILITY  DUE  TO  PARAMETRIC 
RESONANCE:  ARNOL’D  TONGUES 

In  this  section  a  mismatched  beam  in  a  continuous  focusing 
channel  is  considered  since  for  a  matched  periodic  focusing 
channel  the  procedure  to  treat  the  problem  is  the  same.  From 
eq.  2  it  is  found  that  if  the  beam  envelope  is  modulated  from 
the  matched  radius,  R0,  by  A Rc(z),  the  differential  equa¬ 
tion  of  motion  reads: 

3?+(“'  +  ?tAfl'(2)),!  =  0  (l6) 


!)■♦£ 


It  has  been  shown  numerically  that  the  solution  of  Ax  is  sta¬ 
ble  and  periodical  [2].  Now  let’s  consider  the  case  when 
there  is  an  envelope  modulation,  A R,  around  Ro  due  to 
either  periodic  focusing  or  mismatching.  The  differential 
equation  governing  the  particle  motion  near  R0  turns  out  to 
be: 


d2 Ax  2  .  A'  K  ( ( Ax\ 2  (Ax 
dz2  +W°  X+ToAx~R0  [ \Ro)  ~\Ro 


KAR 


(0 
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Figure  1 :  The  current  loss  rates  vs  the  energy  of  a  proton 
beam  of  R  =  1A,  R0  —  0.005m,  Rm  =  10R0,  /  =  0.1, 
L  —  5m,  and  (3(z )  =  8m. 


For  the  matched  case  A  Rmatch  has  the  same  period  as  that 
of  the  periodic  focusing  lattice,  L.  In  this  section  we  dis¬ 
cuss  only  the  matched  periodic  focusing  channel,  and  denote 
A  Rmatch  —  A  Rq  .  To  simplify  the  mathematics  treatments 
we  assume  that  ARo(z)  is  represented  by  a  periodic  delta 
function  of  period  L  and  amplitude  A R0.  It  is  shown  (see 
ref.  10)  that  under  the  periodic  envelope  oscillation  pertur¬ 
bation  if  the  amplitude  of  a  particle’s  deviation  Ax  is  larger 
than  some  limit,  say  Axmax,  the  motion  of  this  particle  will 
become  chaotic,  and  Axmax  is  analytically  expressed  as  fol¬ 
lows  [10]: 

a*  -[  V/3  (23) 

max  \9L2 K2ARof3(z)2 J  (  } 

where  f3(z)  is  the  beta  function  of  the  focusing  channel. 

5  ESTIMATION  OF  BEAM  CURRENT 
LOSS  RATE 


transport  system,  oscillates  with  x  =  Rm  ±  AR0.  Obvi¬ 
ously,  the  particles  located  in  Rm  <  x  <  Rrn  +  A R0  are 
lost,  and  this  loss  will  be  filled  through  the  diffusion  process. 
If  the  particle  re-distribution  distance,  or  the  so-called  relax¬ 
ation  distance  AP/4,(AP  =  2ttR0/\/ZK)  [3],  is  shorter  than 
the  envelope  oscillation  period,  the  beam  current  loss  rate, 
can  be  estimated  as  the  1Z  =  R{ARa/ Rm)2  /  L, 
where  Rm  »  R0.  If,  however,  the  relaxation  distance  is 
longer  than  L,  one  has  TZ  =  4Id(ARo/Rm)2/\p.  To  sum¬ 
marize,  we  give  a  simplified  beam  current  loss  rate  formula 
as  follows: 


A-Rq  ln  ( 1  +  exp  (2AxmaJ/AR0)\ 
RRoRm  \  exp  (2Axmax/ARo)  / 


(25) 


where  C  =  L  when  L  >  Ap/4,  C  —  Xp  when  L  <  Ap/4, 
and  /  is  the  ratio  of  the  average  beam  current  with  respect 
to  the  peak  bunch  current.  In  Fig.  1  we  give  an  example  to 
show  how  one  can  use  eqs.  23  and  25  to  estimate  the  current 
loss  and  how  this  current  loss  varies  with  beam  parameters, 
where  we  choose  Ro  =  0.005m,  R  =  1A,  f  =  0.1,  L  = 
5m,  f3(z)  =  8m,  A R0  =  0.0025m  and  ARo  =  0.001m, 
respectively.  In  the  figure  the  tolerable  current  loss  rate  [9] 
is  presented  by  the  dark  dots,  and  it  is  obvious  that  in  this 
case  ARq  should  be  less  than  0.001m. 


6  CONCLUSION 

It  is  assumed  that  at  the  equilibrium  state  the  transverse 
beam  density  distribution  of  a  matched  beam  follows  Fermi- 
Dirac  statistics  (for  Fermion  particles).  The  conditions  for 
the  particles’  transverse  motions  to  have  parametric  reso¬ 
nances  and  nonlinear  force  induced  stochastic  motions  are 
derived  analytically.  Finally,  the  analytical  loss  rate  formula 
is  established. 
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According  to  the  discussion  given  above  one  knows  that  the 
particles  located  near  Ro  (x  =  R0  +  Ax)  with  Ax  > 
A xmax  will  diffuse  outwards  into  the  focusing-dominated 
region  and  contribute  to  the  halo. 

Now  we  discuss  the  average  beam  loss  rate  on  the  me¬ 
chanical  boundary  of  the  beam  transport  system,  and  we 
may  make  a  rough  estimation  in  the  following  way.  It  is 
known  that  the  particles  located  in  Ax  >  Axmax  will  dif¬ 
fuse  outwards,  and  the  current,  Id,  which  participates  this 
diffusion  process  can  be  calculated  as: 


px=oo 

Jx=R0  +  £xmax 


1 


1  +  exp 


dx2 


(24) 


One  can  imagine  that  a  uniform  halo  disk  is  formed  around 
the  beam  core  started  from  x  =  R0  +  Axmax.  Due  to  the 
beam  envelope  oscillation  the  dimension  of  the  disk,  which 
extends  to  the  radius,  Rm,  of  the  mechanical  aperture  of  the 
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ANALYTICAL  INVESTIGATION  ON  THE  DYNAMIC 
APERTURES  OF  CIRCULAR  ACCELERATORS 


Abstract 


J.  Gao,  LAL,  B.P.  34,  F-91898  Orsay  cedex,  France 

where 


In  this  paper  by  considering  delta  function  sextupole  and  oc- 
tupole  perturbations  and  using  difference  action-angle  vari¬ 
able  equations,  analytical  formulae  for  the  dynamic  aperture 
of  circular  accelerators  are  derived  based  on  the  Chirikov 
criterion  of  the  onset  of  stochastic  motions. 

1  INTRODUCTION 

One  of  the  preoccupations  of  the  circular  accelerator  design¬ 
ers  is  to  estimate  the  influence  of  nonlinear  forces  on  the 
single  particle’s  motion.  Even  though  the  nonlinear  forces 
compared  with  the  linear  ones  are  usually  very  small,  what 
is  observed  in  reality,  however,  is  that  when  the  amplitudes 
of  the  transverse  oscillation  of  a  particle  are  large  enough, 
the  transverse  motions  might  become  unstable  and  the  parti¬ 
cle  itself  will  finally  be  lost  on  the  vacuum  chamber.  In  the 
following  sections  we  will  show  how  the  nonlinear  forces 
limit  the  dynamic  apertures  and  what  is  the  relation  between 
them. 

2  DYNAMIC  APERTURES  DUE  TO 
NONLINEAR  RESONANCES  AND 
STOCHASTIC  MOTIONS 

In  this  section  a  necessary  distinction  will  be  made  between 
two  essentially  different  cases:  a  proton  machine  and  an 
electron  one.  The  reason  is  simple.  In  the  first  case  there  is 
no  dissipative  forces  (which  is  generally  true)  and  the  par¬ 
ticle’s  motion  can  be  described  in  the  frame  of  Hamiltonian 
system.  In  the  second  case,  however,  one  has  to  take  into 
account  of  the  synchrotron  radiation  damping  effect. 

2.1  Proton  storage  ring 

To  start  with  we  consider  the  linear  horizontal  motion  of  a 
particle  assuming  that  the  magnetic  field  is  only  transverse 
and  there  are  no  screw  fields.  The  Hamiltonian  can  be  ex¬ 
pressed  as 

(i) 


where  x  denotes  normal  plane  coordinate,  p  =  dx/ds,  and 
K (s)  is  a  periodic  function  satisfying  the  relation 

I<(s)  =  K(s  +  L)  (2) 

where  L  is  the  circumference  of  the  ring.  The  solution  of 
the  deviation,  x,  is  found  to  be 


H,)  =  l  M 


As  an  essential  step  towards  further  discussion  on  the  mo¬ 
tions  under  nonlinear  perturbation  forces,  we  introduce 
action-angle  variables  and  the  Hamiltonian  expressed  in 
these  new  variables  [1]: 


r  ds' 

*“Jt 


=  (7) 
Px\S) 

Since  the  H  (J,$)  =  J/0x(s)  is  still  a  function  of  the  inde¬ 
pendent  variable,  s,  we  will  make  another  canonical  trans¬ 
formation  to  freeze  the  new  Hamiltonian: 


2  ■KV  f3 

ds' 

(8) 

■ -L 

PM) 

II 

S’ 

(9) 

27IW 

II 

H 

> 

(10) 

Before  going  on  further,  let’s  remember  the  relation  between 
the  last  action-angle  variables  and  the  particle  deviation  x: 

.  =  vSSw»(*,-y1tJf  3$?)}  <u> 

Having  well  prepared  we  start  our  journey  to  find  out  the 
limitations  of  the  nonlinear  forces  on  the  stability  of  the 
particle’s  motion.  To  facilitate  the  analytical  treatment  of 
this  complicated  problem  we  consider  at  this  stage  only  sex- 
tupoles  and  octupoles  (no  screw  terms)  and  assume  that  the 
contributions  from  the  sextupoles  and  octupoles  in  a  ring 
can  be  made  equivalent  to  a  point  sextupole  and  a  point  oc- 
tupole.  The  perturbed  Hamiltonian  can  be  thus  expressed: 

*  =  ¥  +  ^i!+3 £  si‘~iL) 


1  R  00 

£  *(-“>  (12) 

k=—oo 


where  p  is  the  radius  of  curvature.  Representing  eq.  12  by 
action-angle  variables  (Jj  and  'kj),  and  using 


x  =  V  €*#*(«)  cos((j>[s)  +  <f>0) 


Bz  =  50(1  +  xbi  +  x2b2  +  a:363) 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 
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one  has 


H  =  + 12 Jl M tl) TJ2- b2 L  cos3  <g i  V  S(s-kL) 

L  3 p  t—* 


Eqs.  21  and  22  are  the  basic  difference  equations  to  study 
the  nonlinear  resonance  and  the  onset  of  stochasticities  con¬ 
sidering  sextupole  and  octupole  perturbations.  By  using 
trigonometric  relation 


(Ji/M^))5 


63 L  cos4  ^1  S{s-kL)  (14) 


cosm  0  cos  n0  =  2  m  V'  - — ,  cos(n  —  m  +  2r)0 
'  (m  —  r)!r! 

r= 0  '  ' 


where  si  and  s->  are  just  used  to  differentiate  the  locations  of 
the  sextupole  and  the  octupole  perturbations.  By  virtue  of 
Hamiltonian  one  gets  the  differential  equations  for  and 

dJi  =  (J5) 

ds  d*!  (  ’ 


one  has 


cos3  9  =  —  (cos  30  +  3  cos  9) 


d$  1  _  8H 
ds  dJ\ 

dJx  _  (2J1/?r(s1))3/2  dcos3^ 


1  Y1  ft*  -  *t) 


JJA (17) 

p  1  fc=- 00 

d’Pl  27Tf  2/?2(s2)  4  ^  . 

-r2-  =  -— +  -  -  —  JtfeaLcos4  +!  >  S(s-kL) 

ns  /,  />  ^ 


+  ^J1/  ^(Sl)3/2  62LCos3^i  ^  J(a-HfL)  (18) 

^  fc=-oo 

Now  it  is  the  moment  to  change  this  differential  equations  to 
the  difference  equations  which  is  suitable  to  analyse  the  pos¬ 
sibilities  of  the  onset  of  stochasticity  [2]  [3].  Since  the  per¬ 
turbations  have  a  natural  periodicity  of  L  we  will  sample  the 
dynamic  quantities  at  a  sequence  of  s,  with  constant  inter¬ 
val  L  assuming  that  the  characteristic  time  between  two  con¬ 
secutive  adiabatic  invariance  breakdown  intervals  is  shorter 
than  L/c.  The  differential  equations  in  eqs.  17  and  18  are 
reduced  to 

77  =  37(#t,Ji)  (19) 

¥7  =  ¥7(*i,Ji)  (20) 

where  the  bar  stands  for  the  next  sampled  value  after  the  cor¬ 
responding  unbared  previous  value,  or  explicitly, 

—  j  (2Jri^(si))3/2l  rdcos3$! 

J,=Jt - v — 2 L~d*r 

.WE, 

p  cb£  1 

¥7  =  +  2th/  +  — b2L  cos3 


,  WM2-l  t  4.t. 

-I - J163I/COS  +1 

p 


cos4  A  =  ^4  (cos  40  +  4  cos  29  +  )  (25) 

Apparently,  the  right  hand  sides  of  eqs.  21  and  22  contain 
sinusoidal  functions  of  phases,  Uti,  2\Er  1 ,  3^i,  and  44ti. 
If  the  tune  v  is  far  from  the  resonance  lines  v  =  rri/n, 
where  m  and  n  are  integers  (n=l,  2,  3,  and  4  for  this  spe¬ 
cific  problem),  the  invariant  tori  of  the  unperturbed  motion 
are  preserved  under  the  presence  of  the  small  perturbations 
by  virtue  of  the  Kolmogorov-Arnold-Moser  (KAM)  theo¬ 
rem.  If,  however,  v  is  close  to  the  above  mentioned  reso¬ 
nance  line,  the  situation  is  getting  complicated  and  under 
some  conditions  the  KAM  invariant  tori  can  be  broken.  Tak¬ 
ing  the  third  order  resonance,  m/3,  for  example,  we  keep 
only  the  sinusoidal  function  with  phase  3+  3  in  eq.  21  and 
the  dominant  phase  independent  nonlinear  term  in  eq.  22, 
and  as  the  result,  we  have  eqs.  21  and  22  reduced  to 

Jx  =  Ji  +  A  sin  3^i  (26) 

¥7  =  ^1  +  B Tx  (27) 

with 

4  =  (W,»3/V  (28) 

v2  p 

B  _  gfir (fa)2  b  L  (29) 

4  P 

where  we  have  dropped  the  constant  phase  in  eq.  22.  It  is 
helpful  to  transform  eqs.  28  and  29  into  the  form  so-called 
standard  mapping  [3]  expressed  as 

7=1+  Ko  sin  0  (30) 

0  =  0  +  7  (31) 

with  0  =  3^,  /  =  35  Jx  and  K 0  =  3  AB.  By  virtue  of  the 
Chirikov  criterion  [3]  itis  known  that  when  |A'0|  >  0.97164 
[4]  stochastic  motions  will  appear  and  the  diffusion  will  oc¬ 
cur.  Therefore, 

|*o |  <  1  (32) 

can  be  taken  as  a  natural  criterion  for  the  determination  of 
the  dynamic  aperture  of  the  machine.  Putting  eqs.  28  and 
29  into  eq.  32,  one  gets 

l*o |  =  ^ |6263|^(S2)/?3/2(Sl)jf/2^  <  1  (33) 
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and  consequently,  one  finds  maximum  J\  corresponding  to 
m/3  resonance 


Jl  —  J 'max  ,m/3 


9|6263|^(S2)/?x(Sl)3/2L2 


The  dynamic  aperture  of  the  machine  is  therefore 


*dyn,m/ 3 


=  P2  J„ 


ifzfix  (^) 


=  ( _ _ y,s  (35) 

Eq.  35  gives  the  dynamic  aperture  of  a  sextuple  and  oc- 
tupole  strength  determined  case  which  is  believed  to  be  true 
for  the  most  small  emittance  electron  storage  rings.  Obvi¬ 
ously,  the  dynamic  aperture  scales  with  the  one  third  power 
of  the  sextupole  and  the  octupole  strength,  respectively.  If 
in  a  storage  ring  the  perturbation  from  the  sextupoles  can  be 
omitted,  in  a  similar  way  one  finds  the  maximum  J\  corre¬ 
sponding  to  m/4  resonance  mode 


^  Jmax,m/ 4  — 


V3f?r(s2)2L\b3l 


and  the  corresponding  dynamic  aperture 


*dyn,m/4 


= 


c,m/40x{s)  —  ^ 


4pflr(s) 

V^/?x(s2)2i|63| 


From  eq.  37  one  reads  that  the  dynamic  aperture,  Adyn  rn/4 , 
is  proportional  to  the  square  root  of  the  octupole  strength. 
Usually,  one  has  Adyn^mj3  <  Adynim/4. 

Now  I  would  like  to  spend  some  inks  on  the  scenario  of 
those  particles  whose  motions  do  not  satisfy  the  condition 
given  by  eq.  32.  Once  a  particle  begins  to  execute  stochastic 
motion  the  phase  mixing  occurs,  and  the  mapping  given  by 
eqs.  30  and  3 1  can  be  regarded  as  a  Markov  process  [5],  and 
in  consequence,  the  possibility  distribution  function  E(s,  I) 
satisfies  the  Fokker-Planck  equation: 

d?  _  8(AT)  1  8\VT) 

ds  <9/  2  OP  K  ’ 


where  A  =«  A I  »  /L,  V  =<<  (A/)2  >>  /L,  and 
the  notation  <  <  >  >  denotes  the  average  over  phase  6 .  From 
eq.  30  one  knows  A /  =  KosinO,  and  obviously,  one  has 
A  =  OandX>  =  Kq/(2L).  Due  to  the  diffusion,  needless  to 
say,  the  amplitude  of  the  particle’s  motion  is  increasing  with 
the  distance  and  finally  the  particle  is  lost  on  the  vacuum 
chamber  wall. 


2.2  Electron  storage  ring 

In  an  electron  storage  ring  the  physical  picture  is  more  com¬ 
plicated  due  to  the  synchrotron  radiation  damping.  To  treat 
this  problem  let’s  resort  to  the  so-called  standard  dissipa¬ 
tive  mapping  [2]  which  is  different  but  similar  to  the  stan¬ 
dard  mapping  shown  in  eqs.  30  and  31,  and  expressed  as 


follows: 

/  =  exp(— T)J  +  Kapsmd  (39) 

6  =  e +  7  (40) 

where  T  =  rx  is  the  damping  time  of  the  beta¬ 

tron  oscillation  in  the  horizontal  direction,  and  p  =  (1  — 
exp(— T))/r.  Apparently,  when  T  -»  0,  eqs.  39  and  40  re¬ 
turn  to  the  standard  mapping  given  by  eqs.  30  and  31.  The 
criterion  for  avoiding  the  onset  of  the  stochastic  motion  in 
the  dissipative  system  is  given  by 

\pK0\  <1  (41) 


The  expressions  for  the  dynamic  apertures  of  the  electron 
storage  rings  corresponding  to  the  two  expressions  for  the 
proton  ones  derived  in  the  previous  subsection  are 

Adyn,m/ 3  =  \j  ^Jmax  ,m  /3$r(S) 


16  p2/Ms)3/2 

9/z|6263|/?2(s2)/?x(Sl)3/2i2 


=  \ 


i/4  fix  ( s ) 


Adyn.m/4  ~ 

(43) 

Eq.  42  has  been  compared  with  the  numerical  dynamic 
aperture  simulation  results  of  ALLADIN  [6]  and  KEK  Pho¬ 
ton  Factory  [7],  and  the  satisfactory  comparison  results  are 
shown  in  ref.  8. 


3  CONCLUSION 

Considering  delta  function  sextupole  and  octupole  pertur¬ 
bations,  analytical  expression  for  the  dynamic  aperture  of 
a  circular  machine  is  obtained  by  using  the  Chirikov  crite¬ 
rion.  It  is  shown  that  when  the  dynamics  aperture  is  sex¬ 
tupole  and  octupole  strength  determined  which  is  true  for 
the  most  cases  the  dynamic  aperture  inversely  scales  with 
the  one  third  power  of  the  sextupole  and  octupole  strength, 
respectively.  The  author  thanks  J.  Le  Duff  for  discussions. 
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Abstract 

A  simple  particle-core  model  for  circular  accelerators 
has  been  constructed  assuming  that  dispersion  effects 
are  relatively  weak.  This  model  is  applicable  to  a  large 
class  of  high-intensity  rings  designed  for  modest  den¬ 
sity  applications  such  as  spallation  neutron  sources. 
Applying  this  model  to  isotropic  beams  in  a  smooth 
ring,  halo  formation  processes  in  the  presence  of  dis¬ 
persion  are  investigated.  In  the  analysis,  it  is  found 
that  dispersion  matching  is  essentially  important  to 
suppress  horizontal  beam  widening  in  injection.  With 
dispersion  matching,  a  halo  is  formed  by  the  particle- 
core  resonance,  and  its  width  is  a  little  narrower  than 
that  in  a  straight  channel.  Dispersion  effect  on  halo 
formation  in  high-density  situations  is  also  discussed. 

1  INTRODUCTION 

Recently,  high  intensity  proton  synchrotrons  or  stor¬ 
age  rings  have  been  proposed  to  be  used  for  various 
applications  such  as  bunch  compression  for  spallation 
neutron  sources.  As  uncontrollable  beam  losses  due  to 
halo  formation  is  often  considered  as  a  main  concern  in 
these  machines,  increasing  attention  has  recently  been 
given  to  the  beam  halo  problem  in  circular  accelerators 
[1].  While  the  particle-core  approach  [2]  has  already 
been  adopted  in  some  of  these  studies,  we  propose  an 
alternate  particle-core  model  for  beams  in  circular  ac¬ 
celerators  in  this  paper. 

In  this  paper,  we  consider  the  simplest  situation  to 
clearly  bring  out  the  dispersion  effect  on  halo  dynam¬ 
ics,  namely;  we  consider  a  coasting  beam  circulating 
in  a  smooth  ring  where  both  the  bending  and  focusing 
fields  are  constant  (smooth  approximation).  The  em¬ 
phasis  is  put  upon  situations  with  modest  beam  den¬ 
sity  where  tune  depression,  or  ratio  of  depressed  tune 
to  undepressed  one,  is  well  larger  than  0.9,  while  halo 
formation  in  higher  density  cases  is  also  discussed. 

2  PARTICLE-CORE  MODEL 

The  first  basis  of  the  particle-core  analysis  is  envelope 
equations  which  describe  the  time-evolution  of  core  en¬ 
velope.  Recently,  envelope  equations  which  include  ef¬ 
fects  of  dispersion  and  space  charge  were  derived  by 
Venturini  and  Reiser  [3].  They  found  that  the  usual 
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horizontal  rms  emittance  e2  =  (x2)(p2)  —  (xpx)2  is  not 
an  invariant  of  motion  in  the  presence  of  dispersion. 
Instead,  the  generalized  emittance  e,ix  defined  as  fol¬ 
lows  is  conserved: 


t2dx  =  ((x2)-D2A2)((p2x)-D'2A2) 

~((xpx)  -  DD'A2)2,  (1) 

where  A  =  y/ (( Sp/p )2)  is  the  rms  momentum  spread. 
The  independent  variable  s  is  the  longitudinal  distance 
along  the  design  orbit,  and  the  prime  indicates  the 
derivative  with  respect  to  s.  The  dispersion  function 
D  obeys  the  equation 


D"  + 


ft X 


K 

2a(a  +  b) 


(2) 


where  a  =  y/ ( x 2)  and  b  =  y/ ( y 2)  are  the  rms  beam 
widths,  and  p  is  the  average  radius  of  curvature.  The 
generalized  perveance  A'  is  a  measure  of  the  beam  den¬ 
sity,  and  kx  is  a  constant  which  represents  the  exter¬ 
nal  focusing  field  strength  in  the  horizontal  direction. 
Note  here  that  kx  includes  the  horizontal  focusing  ef¬ 
fect  of  the  dipole  magnets. 

The  envelope  equations  with  dispersion  can  be  writ¬ 
ten  as 


a"  +  Kxa 
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~dx 


2(a  -j-  6) 
a'2(a2  —  D2  A2)  +  (aa' 


-  DD'A2)2 


a(a2  —  D2  A2) 


0,  (3) 


and 


b  +  fcyb  — 


K 

2(a  *f-  6) 


(4) 


where  ey  and  ny  are,  respectively,  rms  emittance  and 
external  focusing  field  strength  in  the  vertical  direc¬ 
tion.  As  easily  seen  in  Eq.  (3),  the  emittance  term  is 
modified  by  adopting  the  generalized  emittance,  and 
the  dispersion  term  is  added  compared  to  envelope 
equations  for  a  straight  channel.  Simultaneously  solv¬ 
ing  Eq.  (2)  to  Eq.  (4),  we  can  obtain  the  time-evolution 
of  core  envelope. 

To  construct  a  particle-core  model  for  beams  with 
finite  momentum  spread,  we  need  to  know  the  matched 
beam  width  and  coherent  tune  of  these  beams.  The 
presence  of  dispersion  causes  changes  of  matched  beam 
size  and  coherent  tune.  In  the  following,  we  examine 
these  changes  due  to  dispersion  considering  isotropic 
situations,  namely  kx  =  ny  and  tx  =  ey. 
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Figure  1:  Poincare  plots  for  test  particles  in  modest  density  cases  with  r)x  —  0.9,  p  =  1.1  and  £  =  0.15.  Test 
particle  position  scaled  by  the  maximum  beam  boundary  width  2 amax  =  2a(0)  is  taken  as  the  abscissa.  Three 
different  A,  i.e.,  (a)  A  =  0,  (b)  A  =  2,  and  (c)  A  =  4  are  considered. 


Considering  situations  where  dispersion  effect  is 
modest,  the  matched  beam  widths  are  obtained  [4]  as 


and 


uq  —  ao 


bo  — 


1  + 


1  - 


t?2(3  4-  577*) 

4(1  +ig)(i  +  3jg)< 

4(!  +»7*)(1  +3»?x) 


(5) 

(6) 


where  a 0  and  fjx  are,  respectively,  the  matched 
beam  width  and  tune  depression  of  the  correspond¬ 
ing  zero-momentum-spread  beam.  The  parameter  £  = 
A/(a0pTj%Kx)  is  a  measure  of  the  strength  of  disper¬ 
sion  effect.  As  £2  is  typically  a  few  percent  in  modest- 
density  circular  accelerators  [5],  fourth  or  higher  order 
terms  of  £  are  neglected  in  the  derivation  of  Eq.  (5) 
and  Eq.  (6). 

In  mismatched  situations,  core  envelope  and  disper¬ 
sion  function  oscillate  around  the  matched  solution. 
These  coherent  tunes  can  be  obtained  [4]  as 


2(1+7?*)- 


2  +  147?g  +  157?*  -  7V6X 
(2  +  772)(l  +  3772) 


for  breathing  mode  and 


2  _ 

.  +  Vx  2(1  +  2t72)(1  +  3772) 


" l  (7) 
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for  quadrupole  mode,  where  vx  —  y/K^p  is  the  horizon¬ 
tal  bare  tune.  Although  one  additional  mode  arises 
due  to  coupling  with  dispersion  function,  its  contri¬ 
bution  to  envelope  oscillation  is  generally  small.  The 
tune  depression  t?x  is  related  to  r\x  as 


vl 


(1  ~  77x2)(1  +  277x2)  ft' 
(1  +  77x2)(1  +  3rjx2)  . 
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(9) 


The  parameter  £  is  another  measure  of  the  strength 
of  dispersion  effect  defined  by  £  =  A/(aopr)%Kx).  The 


relation  between  £  and  £  is  easily  obtained  by  using 
Eq.  (5)  and  Eq.  (9). 

The  second  basis  of  the  particle-core  analysis  is  the 
equation  of  motions  of  test  particles.  Assuming  that 
cores  have  the  KV  distribution  [6]  in  the  transverse 
phase  space  and  that  test  particles  have  zero  angular 
momentum,  equation  of  motion  for  test  particles  ini¬ 
tially  located  on  the  horizontal  plane  (y  =  y'  =  0)  can 
be  written  as  [7] 


x"  +  kxx  -  K  x  -  —  =  0,  (10) 

2a(a  +  0)  p 

inside  the  core  (|x|  <  2a)  and 

„  K  AA  A 

X  +  KxX - ..  5==  ■  :  =::X - =  0, 

x2  +  |x|-y/x2  +  4(62  —  a2)  P 

(U) 

outside  the  core  (|x|  >  2a),  where  relative  momentum 
deviation  A  =  (dp/p)/ A  is  a  particle-dependent  con¬ 
stant.  The  maximum  value  of  A  typically  ranges  from 
two  to  four,  while  it  is  distribution-dependent. 


3  NUMERICAL  RESULTS 

Applying  the  particle-core  model  described  in  the  pre¬ 
ceding  section,  we  examine  halo  formation  in  the  pres¬ 
ence  of  dispersion.  In  this  section,  we  concentrate  on 
the  cases  where  breathing  mode  oscillation  is  selec¬ 
tively  excited.  To  start  with,  we  consider  a  modest 
density  beam  with  r)x  =  0.9  and  £  =  0.15.  Poincare 
surface  of  section  plots  for  test  particles  are  shown  in 
Fig.  1.  In  this  figure,  test  particles  with  three  differ¬ 
ent  A  have  been  considered,  while  the  mismatch  factor 
p  =  a(0)/ao  is  fixed  to  1.1.  As  readily  seen  in  Fig.  1(a), 
the  width  of  2:1  resonance  island  is  a  little  narrower 
than  that  of  the  corresponding  zero-momentum  spread 
beam  because  of  a  decrease  of  coherent  tune.  As  A  is 
increased,  dispersion  effect  gives  a  shift  of  fixed  point 
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Figure  2:  Poincare  plots  for  test  particles  in  high  density  cases  with  (j.  —  1.1,  A  =  4  and  £  =  0.15.  Beams  with 
three  different  densities,  i.e.,  (a)  rjx  —  0.5,  (b)  rjx  —  0.4,  and  (c)  rjx  =  0.3  are  considered. 


locations.  At  the  same  time,  the  width  of  2:1  particle- 
core  resonance  decreases.  As  easily  seen  in  Fig.  1,  dis¬ 
persion  matching  is  essential  if  the  maximum  value  of 
A  is  larger  than  a  certain  value,  namely;  particles  with 
large  momentum  must  be  injected  into  outer  side  of 
the  core.  Without  dispersion  matching,  the  shift  pro¬ 
vides  a  transport  mechanism  by  which  particles  ini¬ 
tially  located  inside  the  core  can  escape  from  the  core 
and  become  halos. 

In  particle-core  analyses  for  straight  channels,  only 
particles  which  are  trapped  by  the  2:1  particle-core 
resonance  are  considered  to  be  halo  particles,  because 
particles  initially  located  in  the  vicinity  of  the  core  can 
not  go  beyond  the  separatrix  of  the  resonance.  Obvi¬ 
ously,  this  criteria  is  valid  in  estimating  halo  width  in 
the  presence  of  dispersion  only  in  cases  where  the  dif¬ 
fusion  due  to  dispersion  mismatch  is  suppressed.  Ap¬ 
plying  this  method,  the  halo  width  in  the  presence  of 
dispersion  is  found  to  be  a  little  narrower  than  that  in 
a  straight  channel,  and  typically  1.8  times  the  maxi¬ 
mum  core  width. 

Although  this  particle-core  model  is  constructed  as¬ 
suming  modest  density  beams,  it  is  applicable  to  high 
density  cases  provided  that  £  is  small.  Poincare  plots 
for  high  density  beams  are  shown  in  Fig.  2,  where 
three  different  beam  densities  have  been  assumed. 
In  increasing  beam  density  keeping  £  to  0.15,  some 
additional  islands  of  higher  order  resonances  appear 
around  the  central  stable  point.  Weak  chaosity  is  ob¬ 
served  in  all  three  cases  in  Fig.  2,  which  may  increase 
halo  intensity. 

4  SUMMARY 

We  have  constructed  a  simple  particle-core  model  for 
beams  in  circular  accelerators,  neglecting  fourth  or 
higher  order  contribution  of  £.  Although  this  model 
is  efficient  only  in  cases  where  £  is  small,  it  is  appli¬ 
cable  to  a  large  class  of  circular  accelerators  designed 


for  modest-density  applications  and  it  provides  us  use¬ 
ful  information  on  halo  dynamics  in  these  machines. 
Especially,  this  model  is  sufficient  for  halo  studies  in 
most  rings  designed  as  a  bunch  compressor  for  spalla¬ 
tion  neutron  sources. 
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Abstract 

Recent  Simulation  results  imply  that  the  number  of  parti¬ 
cles  in  a  high  intensity  synchrotron  is  limited  by  the  res¬ 
onance  crossing  of  coherent  mode  oscillations,  not  by  the 
incoherent  one.  In  order  to  verify  it,  we  measured  the  tune 
shift  of  quadrupole  mode  oscillations  in  HIMAC  at  Na¬ 
tional  Institute  of  Radiological  Sciences  (NIRS)  to  show 
the  connection  with  beam  loss.  In  this  paper,  we  discuss 
signals  observed  in  a  coasting  beam.  We  also  presents  the 
numerical  calculation  of  envelope  motion  for  a  bunched 
beam. 


1  INTRODUCTION 

It  is  believed  that  space  charge  effects  limit  the  number  of 
particles  in  a  high  intensity  synchrotron.  However,  the  de¬ 
tailed  mechanism  of  beam  loss  is  not  clear.  One  model 
tells  that  the  incoherent  tune  of  an  individual  partcle  is  re¬ 
duced  by  the  space  charge  field  to  a  major  resonance  line, 
and  resonate  with  lattice  field  errors.  Another  model,  pro¬ 
posed  by  Sacherer  in  1960's[l],  is  that  the  coherent  mode 
oscillations  of  a  beam  resonate  with  lattice  field  errors.  The 
incoherent  model  is  not  self-consistent  because  it  neglects 
the  time  evolution  of  distribution  due  to  the  space  charge 
force. 

Recent  simulation  results  seem  to  support  the  latter 
model[2].  In  order  to  verify  this,  we  planned  to  measure 
the  tune  shifts  of  coherent  mode  oscillations  and  their  con¬ 
nection  with  beam  loss.  We  observed  coherent  mode  sig¬ 
nals  in  a  coasting  beam  in  HIMAC  synchrotron.  To  start 
with,  we  discuss  the  three  dimensional  envelope  equations, 
where  it  is  shown  that  the  envelope  oscillation  frequencies 
in  a  bunched  beam  do  not  differ  much  from  that  in  a  coast¬ 
ing  beam.  Then,  we  report  our  measurements. 

2  ENVELOPE  OSCILLATIONS  IN  A 
BUNCHED  BEAM 

2.1  3D  envelope  equations 

For  a  bunched  beam,  envelope  oscillations  occur  in  three 
dimensions.  Sacherer  studied  three  dimensional  envelope 
equations  and  found  that  they  depend  only  on  rms  beam 
size,  as  far  as  the  distribution  has  ellipsoidal  symmetry  [3], 
They  are 


where  <f>  is  the  azimuth  along  the  circumference  of  a  syn¬ 
chrotron,  R  is  the  ring  average  radius,  vox  is  bare  tune,  and 
the  geometric  factor  g  is  elliptic  integral, 


ds 

(a2  +  s)3/2(62 +  s)V2(c2  +  s)  i/2 

(2) 


and  A3  is  about  l/5-\/5,  which  very  weakly  depends  on  de¬ 
tails  of  distribution.  In  the  parenthesis  of  the  left  hand  side 
of  eq.  1  corresponds  to  a  square  of  depressed  tune  v 2  when 
(x,y,-yz)  is  the  matched  beam  size.  Differentiating  eq.l  and 
use  ex  =  uxXq/R,  we  have 
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where  the  subscript  “0”  denotes  matched  solutions.  The 
equations  above  can  not  be  solved  analytically  because  of 
elliptic  integral.  One  way  to  solve  them  is  to  take  some 
approximations^]  and  substitute  arithmetic  function  for  g. 
Here,  we  employ  numerical  integration. 


2.2  Numerical  solution 

We  solved  eigen  equations  of  eq.3  numerically,  for  a  given 
focusing  force,  emittance  and  beam  intensity.  It  is  expected 
that,  in  the  limit  of  long  bunch  and  low  synchrotron  fre¬ 
quency,  the  behavior  of  envelope  motion  will  be  similar  to 
that  of  a  coasting  beam. 

In  solving  eq.3,  matched  beam  size  (aio,  i/0,720)  was 
calculated  by  eq.l  with  cP  /dip2  =  0  and  elliptic  integral 
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rms  bunch  length(mm) 

Figure  1 :  Bunch  length  dependence  of  eigen  mode  frequen¬ 
cies  with  the  parameters  of  table  1 . 


is  evaluated  with  a  numerical  package  available  [5].  We 
chose  parameters  in  Table  1.  In  order  to  study  bunch  length 
dependence,  we  varied  longitudinal  focusing  force,  and  ad¬ 
justed  beam  intensity  simultaneously  so  that  transverse  in¬ 
coherent  tune  remains  constant. 

At  first,  we  show  in  Fig.  1  the  eigen  frequencies  of  enve¬ 
lope  oscillations,  together  with  the  one  calculated  by  a  2D 
formula. 


7.012,6.392.  (4) 


In  each  region  except  7 z0  ~  250mm,  two  of  calcu¬ 
lated  modes  agree  with  the  values  estimated  by  eq.4. 
Eigen  vectors,  shown  in  Fig.2,  prove  that  these  modes 
are  pure  horizontal,  vertical  and  longitudinal  one.  At 
around  i/0z  ~  v$x,  Vqv,  the  oscillations  form  two  coupled 
modes,  ie.  breathing(even)  mode  with  higher  frequency 
and  quadrupole(odd)  mode  with  lower  frequency.  This  be¬ 
havior  is  similar  to  the  coupled  phenomena  of  a  single  par¬ 
ticle. 

In  conclusion,  the  coupling  of  transverse  and  longitudi¬ 
nal  envelope  oscillations  due  to  space  charge  force  seems 
negligible  for  a  synchrotron  where  the  synchrotron  oscilla¬ 
tion  frequency  is  much  less  than  betatron  oscillation.  More 
detailed  discussion  could  be  found  in  Ref.  [6] 


Table  1 :  Parameters  used  in  envelope  mode  calculation. 

particle  6MeV/u  He2+  (7  =  1.006) 

bare  tune  (j/0i,  r'0y)=(3.6,3.3) 

^02=0.00978  @7^=5000mm 
100%  emittance  e=(10,10,55000)7rmm-mrad 

beam  intensity  1  x  10loppp  @7z=5000mm 
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Figure  2:  Amplitude  ratio  of  eigen  modes  in  x(solid  line), 
y(broken  line)  and  z(dot  line).  Mode  1 ,  2  and  3  is  of  the 
highest,  middle  and  the  lowest  frequency. 
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3  MEASUREMENTS  IN  HIMAC 

3.1  The  HIMAC  tune  shifts 

We  chose  a  flatbase  operation  (no  acceleration)  with  a 
He2+  beam  to  obtain  the  largest  tune  shift.  Machine 
parameters  are  same  as  Table  1  except  horizontal  emit¬ 
tance  of  2647rmm-mrad  and  maximum  beam  intensity 
of  1  x  10nppp.  That  is  due  to  multi-turn  injection. 
The  incoherent  tune  shift  of  vertical  oscillation  is  cal¬ 
culated  as  -0.0446/10nppp.  The  coherent  ones  are  - 
0.00216/10nppp  for  dipole  mode  and  -0.0590/ 10nppp  for 
quadrupole  mode. 

3.2  Quadrupole  monitor 

Among  coherent  mode  oscillations,  the  tune  shifts  of 
quadrupole  mode  is  dominant.  Therefore,  we  installed  a 
quadrupole  pickup  monitor  in  HIMAC  in  the  summer  of 
1998.  It  is  an  electrostatic  type  pickup  with  four  elec- 
trodes(Fig.3).  The  amplitude  of  quadrupole  mode  can  be 
seen  in  a  quadrupole  channel  output,  which  is  subtracting 
the  sum  of  vertical  two  electrodes  signal  from  that  of  hori¬ 
zontal.  The  difference  between  opposite  two  electrodes  are 
used  to  observe  dipole  mode  oscillations.  The  estimated 
magnitude  of  output  signal  for  a  6MeV/u  He2+  beam  is 
around  15mV/10nppp  in  each  channel,  and  a  quadrupole 
component  is  about  the  order  of  ( x/a )2  lower  than  that, 
where  a  is  the  radius  of  pickup  electrodes. 

3.3  Spectrum  and  tune  shifts 

We  observed  beam  spectrum  of  a  coasting  beam  of  3  x 
10loppp  with  a  real  time  spectrum  analyzer.  We  used 
RFQ[7]  in  order  to  excite  quadrupole  mode  oscillations. 
Fig.4  shows  the  beam  spectrogram  around  4  times  of  revo- 
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Figure  3:  Quadrupole  monitor  in  HIMAC. 


Figure  4:  Spectrogram  of  coasting  beam. 


lution  frequency.  Quadrupole  mode  and  dipole  mode  oscil¬ 
lations  in  horizontal  and  vertical  space  can  be  seen.  Some 
of  them  are  shifting  in  frequency  as  the  beam  current  de¬ 
creases  at  ~  1000msec  after  injection. 

We  estimated  the  space  charge  tune  shift  of  each  mode 
by  plotting  frequency  versus  beam  current  seen  by  a 
slow  current  transformer.  Fitted  value  of  tune  shifts  for 
quadrupole  mode  is  about  -0.082/10nppp,  which  is  not  in 
good  agreement  with  theoretical  value.  A  part  of  the  dis¬ 
crepancy  can  be  attributed  to  uncertainty  of  emittance.  We 
are  continuing  measurements  at  other  operationg  points. 


Figure  5:  Tune  shift  vs  circulating  current. 


3.4  Resonance  crossing 

Finally  we  show  in  Fig.6,  where  the  operating  poiont  is 
moving  gradually  by  varying  defocusing  field.  As  the 
current  of  defocusing  magnet  goes  down,  the  quadrupole 
mode  frequency  approaches  to  revolution  frequency.  At 


2500msec  after  beam  injection,  it  finaly  meets  2uy=1.0  res¬ 
onance  line  and  beam  disappears  rapidly.  The  tune  shift  of 
coherent  quadrupole  mode  oscillations  at  the  beam  current 
just  before  the  resonance  is  so  small  that  it  is  difficult  to 
determine  if  the  resonance  occurs  by  coherent  mode  oscil¬ 
lation  or  incoherent  one. 


Figure  6:  Half  integer  resonance.  Frequency  span  is 
200kHz  centered  at  1.64MHz.  Time  scale  is  3000msec 
from  top  (beam  injection)  to  bottom. 


4  SUMMARY 

First,  we  solved  3D  envelope  equations  numerically,  and 
found  that  the  coupling  between  transverse  and  longitudi¬ 
nal  motion  due  to  space  charge  force  is  negligible  in  syn¬ 
chrotrons.  Therefore,  the  mode  frequencies  in  a  coasting 
beam  are  fairly  good  approximations  of  that  in  a  bunched 
one  except  one  longitudinal  mode. 

Secondly,  we  presented  our  experiment  in  HIMAC  syn¬ 
chrotron.  We  identified  the  coherent  mode  signals.  The 
tune  shift  is  not  so  good  agreement  with  the  expected  value, 
at  this  moment.  However,  a  part  of  the  discrepancy  can 
be  attributed  to  uncertainty  of  emittance.  We  are  carrying 
on  the  experiments  to  reveal  the  connection  between  tune 
shifts  and  beam  loss. 

5  ACKNOWLEDGEMENT 

We  would  like  to  thank  the  staff  of  Accelerator  Engineering 
Company  for  the  help  of  our  experiment  in  HIMAC. 

6  REFERENCES 

[1]  F.J.Sacherer,  Ph.D.Thesis(1968). 

[2]  S. Machida,  Proceeding  of  EPAC'  98(  1 998). 

[3]  F.J.Sacherer,  IEEE  Trans.Nucl.Sci,  18(3)(1971). 

[4]  M.Pabst  and  K.Bongardt,  Proceeding  of  EPAC' 98(1 998). 

[5]  For  example,  Numerical  Recipe. 

[6]  T.Uesugi  et.al.,  in  preparation. 

[7]  K.Sato,  Proceeding  of  EPAC’ 98(1 998). 


1823 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


BEAM  COUPLING  IMPEDANCE  OF  FAST  STRIPLINE  BEAM  KICKERS’ 
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Abstract 

A  fast  stripline  beam  kicker  is  used  to  dynamically  switch 
a  high  current  electron  beam  between  two  beamlines.  The 
transverse  dipole  impedance  of  a  stripline  beam  kicker 
has  been  previously  determined  from  a  simple 
transmission  line  model  of  the  structure  [1],  This  model 
did  not  include  effects  due  to  the  long  axial  slots  along 
the  structure  as  well  as  the  cavities  and  coaxial  feed 
transition  sections  at  the  ends  of  the  structure.  3-D  time 
domain  simulations  show  that  the  simple  transmission 
line  model  underestimates  the  low  frequency  dipole  beam 
coupling  impedance  by  about  20%  for  our  structure.  In 
addition,  the  end  cavities  and  transition  sections  can 
exhibit  dipole  impedances  not  included  in  the 
transmission  line  model.  For  high  current  beams,  these 
additional  dipole  coupling  terms  can  provide  additional 
beam-induced  steering  effects  not  included  in  the 
transmission  line  model  of  the  structure  [2],  [3], 

1  INTRODUCTION 

The  stripline  kicker  is  designed  to  spatially  separate  a 
high  current  electron  beam  for  transport  into  two  separate 
beam  lines.  This  system  is  used  in  conjunction  with  a 
static  magnetic  dipole  septum  to  provide  an  additional 
angular  kick  to  the  beam.  This  allows  the  two  beamlines 
to  diverge  sufficiently  fast  as  to  incorporate  additional 
focusing  elements  for  further  downstream  transport.  This 
system  is  shown  schematically  in  Fig.  1 . 


Figure  1 :  Stripline  kicker  and  septum  configuration 

A  high  voltage  pulse  is  applied  to  the  downstream  ports 
of  the  kicker  and  the  beam  is  kicked  by  the  electric  and 
magnetic  fields  associated  with  the  TEM  waves 
propagating  on  the  strip  transmission  lines.  The  beam  is 
then  directed  into  the  septum  magnet  with  opposite 
polarity  dipole  fields  on  either  side  of  the  plane  separating 
the  two  downstream  beamlines.  All  the  upstream  ports 

'This  work  was  performed  under  the  auspices  of  the  U.S.  Department  of 
Energy  by  the  Lawrence  Livermore  National  Laboratory  under  contract 
No.  W-7405-Eng-48. 

1  Email:  poolel  @llnl.gov 


and  the  two  downstream  ports  in  the  non-kick  plane  are 
terminated  in  a  matched  load  impedance  for  the  dipole 
transmission  mode  on  the  structure. 


2  KICKER  TEM  FIELDS 


To  steer  the  beam  in  x,  opposite  polarity  high  voltage 
pulses  are  applied  to  the  downstream  ports  in  the  y =0 
plane.  The  potential  within  the  kicker  plates  ( r<b )  is 
given  by 


where  b  is  the  interior  radius  of  the  kicker  plates,  $,is  the 
angle  subtended  by  each  kicker  plate,  and  V  is  the  kicker 
plate  voltage  giving  a  total  steering  voltage  of  2Vp.  The 
solution  is  determined  by  solving  for  the  potential  in  the 
interior  region  subject  to  the  boundary  condition  that  the 
applied  potential  at  r=b  is  given  by  the  appropriate 
applied  plate  voltages  and  the  potential  in  the  gaps 
between  the  plates  is  zero.  The  n=l  term  in  Eq.  1 
represents  the  transverse  dipole  force  which  provides  the 
beam  steering.  The  beam  deflection  due  to  the  combined 
TEM  electric  and  magnetic  dipole  forces  is  given  by 


7tb  2 


(2) 


where  i  is  the  length  of  the  kicker. 


3  DIPOLE  WAKE  IMPEDANCE  AND 
BEAM-INDUCED  STEERING 

For  intense  beam  applications,  the  beam  current  is 
sufficiently  large  as  to  induce  substantial  voltages  and 
currents  on  the  strip  transmission  lines.  These  TEM  fields 
are  introduced  on  the  transmission  lines  as  the  beam 
traverses  the  upstream  and  downstream  gaps  as  well  as 
from  changes  in  the  dipole  return  current  as  the  beam  is 
deflected.  These  fields  can  than  interact  with  the  beam  to 
cause  beam-induced  steering.  In  the  limit  of  ultra- 
relativistic  stiff  beams  the  strength  of  this  interaction  is 
related  to  the  dipole  wake  impedance. 

3.1  Dipole  Impedance 

The  n=l  transverse  dipole  wake  impedance  for  the 
structure  with  an  ultra-relativistic  stiff  beam  centroid 
transported  through  the  kicker  structure  offset  form  the  z 
axis  by  an  amount  x0  is  given  by  [1] 
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A  kicker  has  been  designed  and  installed  on  the 
Experimental  Test  Accelerator  (ETA-II).  The  ETA-II 
kicker  has  the  following  set  of  parameters:  b=  12.86  cm, 
R=  19.5  cm,  $,=78°,  Z=  50  Q,  and  i =160  cm  where  R0  is 
the  outer  vacuum  chamber  radius.  The  structure  was 
modelled  using  the  LLNL  3-D  time  domain 
electromagnetic  code,  TIGER  [4]  to  determine  the  dipole 
impedance.  Figures  2  and  3  show  a  comparison  of  the 
real  and  imaginary  parts  of  the  dipole  impedance  as 
calculated  from  Eq.  3  with  the  numerical  results  from  the 
3-D  electromagnetic  code. 


Wakefield  Cod® 
TL  Model 
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Figure  2:  Real  part  of  dipole  impedance 
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Figure  3:  Imaginary  part  of  dipole  impedance 

As  can  be  seen  in  Figures  2  and  3,  there  is  a  good 
agreement  between  the  transmission  line  model  and  the 
3-D  code  results  in  the  low  frequency  regime.  The 
differences  become  more  pronounced  at  higher 
frequencies  as  the  end  cavity  transition  sections 
associated  with  the  feeds  to  the  external  50  £2  coaxial 


ports  play  a  more  significant  role  in  the  coupling.  More 
will  be  discussed  about  this  in  section  4. 

3.2  Beam  Induced  Steering 

A  detailed  model  of  beam-induced  steering  has  been 
previously  described  [2],  [3],  The  centroid  motion  of  the 
beam  in  the  kicker  is  given  by  [5] 

( d  jV  /  x  V 

—  +  -  x(z)  =  —  e  c 
1  dz  c  1  W  77 


x(z)-2-ec 

c 


f  x(z')e  c  dz' 


where  s  is  the  Laplace  transform  variable,  d/dt  — >  s  , 
and  Ib  is  the  beam  current.  The  critical  current,  /  is  given 
by 

/  *(b Yz»  rfi%  (5) 

*  16 UJ  Z,  sin!(A/2) 

and  the  characteristic  voltage,  V0  is  defined  as 

/  ( (b  \ 

V0  -IcZk  7j~7sin  ~r"  (6) 

2nb  \  2  y 

where  I=\l  kA  and  Z0=377  Q.  Equation  4  can  in 
principle  be  solved  numerically  for  a  particular  set  of 
conditions.  Of  particular  interest  is  the  case  of  an  initially 
offset  beam  entering  the  kicker  structure  parallel  to  the 
beamline  axis  without  any  applied  voltage  since  this 
solution  can  be  related  to  the  dipole  wake  impedance.  It 
has  been  shown  previously  [3],  that  the  asymptotic  beam 
deflection  for  an  initially  offset  beam  has  the  form 

f  1 2/  ^ 

x(z  =  £,t->°o)=x0cosh  — —  (7) 

V  V  c  j 

where  x0  is  the  injection  offset  of  the  beam.  For 
sufficiently  small  beam  currents  the  asymptotic  deflection 
is  related  to  the  dipole  wake  impedance  by 

(  .  \  ,  f  2  nl  V_ 

X\Z  —  I,t  y  co) »  Xq  1+  IbZ  10  (8) 


yP  hz« 


where  Zx0  =  Im[z±(<y  =  0)].  By  numerically  integrating 

Equation  4  it  is  possible  to  find  a  temporal  solution  for 
the  beam  displacement  of  the  beam  leaving  the  kicker. 
Consider  an  ETA-II  electron  beam  with  6  MeV  energy 
and  a  2  kA  beam  current  with  a  1  cm  initial  offset.  For 
these  parameters,  the  critical  current,  /.  is  about  4.2  kA 
and  the  asymptotic  deflection  given  by  Eq.  7  is  1.51x„. 
Figure  4  shows  the  temporal  evolution  of  the  beam 
displacement  leaving  the  kicker  from  numerical 
integration  of  Eq.  4.  Figure  4  shows  a  quite  dramatic 
beam-induced  steering  effect  for  a  high  current  beam.  The 
time  scale  for  reaching  the  asymptotic  value  is  on  the 
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order  of  the  round-trip  transit  time  of  the  structure,  and  7  show  the  real  and  imaginary  parts  of  the  dipole 
2 l/c  ~  10.6  ns.  impedance  for  low  frequencies. 
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Figure  6:  Real  part  of  wake  impedance  with  transition 


Figure  4:  Temporal  variation  of  beam  centroid 
exiting  ETA-II  kicker  for  initial  offset  of  1  cm 


4  CORRECTIONS  TO  THE  DIPOLE 
IMPEDANCE  FROM  THE  CAVITY 
TRANSITION  SECTIONS 

The  3-D  code  results  show  that  the  simple  transmission 
line  model  underestimates  the  low  frequency  dipole  wake 
impedance.  Measurements  of  the  kicker  impedance  show 
that  the  structure  is  not  very  well  matched  over  a  wide 
band  of  frequencies.  In  an  effort  to  obtain  a  correction  to 
the  impedance  at  low  frequencies,  a  simple  inductance 
was  incorporated  as  a  model  of  the  transition  section 
connecting  the  strip  transmission  lines  to  the  external 
coaxial  ports.  It  was  found  that  a  40  nH  inductor  would 
given  an  input  impedance  consistent  with  the 
experimental  data.  Figure  5  shows  a  plot  of  the 
experimental  data  and  the  projected  low  frequency  input 
impedance. 


The  kicker  dipole  impedance  is  calculated  including  the 
series  inductors  to  model  the  transition  sections.  Figures  6 
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Figure  7:  Imaginary  part  of  dipole  impedance  with 
transition 


As  can  be  seen  the  transitions  can  modify  the  dipole  wake 
impedance  of  the  structure.  In  principle,  additional 
reactive  elements  can  be  incorporated  to  extend  the  model 
to  higher  frequencies. 
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Abstract 

Four  short  current  pulses  with  various  pulse  widths  and 
spacing  will  be  delivered  to  the  x-ray  converter  target  on 
the  second-axis  of  the  Dual-Axis  Radiographic 
Hydrodynamic  Test  (DARHT-II)  facility.!  1]  To  ensure 
that  the  DARHT-II  multi-pulse  target  will  provide  enough 
target  material  for  x-ray  production  for  all  four  pulses,  the 
target  needs  either  to  survive  the  strike  of  four  electron 
pulses  or  to  accommodate  target  replenishment.  A 
distributed  target  may  survive  hitting  of  four  electron 
pulses.  For  target  replenishment,  two  types  of  target 
configurations  are  being  considered:  stationary  target 
systems  with  beam  repositioning  and  dynamic  moving 
target  systems.  We  will  compare  these  three  target 
systems  and  their  radiographic  performance. 

1  INTRODUCTION 

Four  20  MeV,  2-4  kA  current  pulses  with  various  pulse 
lengths  and  separations  will  be  focused  to  sub-millimeter 
spots  on  DARHT-II  x-ray  converter  targets.  Maintaining  a 
tight  spot  (a)  and  producing  the  required  x-ray  dose 
present  the  principal  challenges  for  target  design.  To 
produce  the  required  dose,  each  beam  pulse  needs  to  pass 
through  enough  target  material.  Three  target  concepts  are 
considered.  The  first  one  is  to  reposition  each  pulse  on  a 
static  target  so  that  there  is  fresh  target  material  for  each 
pulse.  The  radiographic  axis  is  not  preserved,  and  its 
performance  is  affected.  The  second  one  is  to  move  the 
target  so  that  the  subsequent  pulse  will  strike  a  fresh 
target.  The  third  is  to  distribute  the  static  target  material 
over  a  lager  volume  so  that  the  energy  density  deposited 
by  the  beam  decreases  and  target  plasma  expansion  slows 
down.  Thus,  there  may  be  enough  target  material  around 
for  the  subsequent  pulses. 

Several  effects  may  impact  the  spot  size  on  the  target. 
The  target  plasma  created  by  preceding  pulses  may 
expand  into  the  incoming  beam’s  path.  The  charge 
neutralization  effects  produced  by  target  plasma  could 
change  the  final  focus.  Thus,  the  DARHT-II  target  system 
needs  to  provide  means  to  control  target  plasma 
expansion.  Furthermore,  there  may  be  a  backstreaming 
ion  problem  [2]  when  the  strong  electric  field  created  by 
the  electron  beam  pulls  ions  in  from  an  adjacent  target 
plasma  plume  and  the  target  surface.  These  ions  could 
form  an  ion  channel  and  change  the  final  focus  of  the 
beam.  Thus,  the  DARHT-II  target  system  must  also 
provide  for  mitigation  of  the  backstreaming  ion  problem. 

In  Sections  2  and  3,  we  will  discuss  the  backstreaming 
ion  problem,  target  plasma  and  their  mitigation.  We  will 
compare  the  beam  repositioning,  static  target 
configuration  and  the  dynamic,  single  axis,  target 
configuration  in  Section  4.  In  Section  5,  we  will  present  a 
distributed  target  configuration  for  the  2  kA  beam, 


DARHT-II  radiographic  requirements.  A  summary  will 
be  given  in  Section  6. 

2  BACKSTREAMING  IONS  AND 
MITIGATION 

A  high  current  beam,  impinging  on  the  x-ray  converter 
target  with  a  sub-millimeter  spot  size,  will  heat  the  target 
and  ionize  the  target  material  and/or  the  surface 
contaminants.  Ions  can  be  extracted  by  the  axial  space 
charge  field  (-a  few  MV/cm)  on  the  target,  and  charge 
neutralize  the  electron  current.  The  electron  beam  is  then 
prematurely  focused  in  front  of  the  target  and 
subsequently  overfocused  at  the  target.  Depending  on  the 
charge  neutralization  factor  (/j)  and  q/m  of  the  ions,  the 
spot  size  grows  in  time,  as  the  ions  move  upstream,  from 
a  few  tenths  of  a  millimeter  to  several  centimeters  within 
-40-60  ns.  Regardless  of  whether  there  is  enough 
ionization  to  cause  the  backstreaming  ion  problem  during 
a  single  pulse,  the  backstreaming  ion  effect  is  a  concern 
for  a  multiple  pulse  system  since  by  the  preceding  pulses 
would  have  already  ionized  the  target  material. 

The  mitigation  being  considered  for  the  DARHT-II 
target  is  to  trap  ions  within  a  distance  shorter  than  the  2-3 
cm  of  disruption  length,  LD  ~  a  (icyf}2l0/fl)m  where  /and 
I„  are  the  beam  current  and  Alfven  current,  either  by  a 
voltage  barrier:  an  inductive  ion  trap  [3]  (Fig.  1)  or  a 
resistive  ion  trap  [4],  or  by  a  physical  barrier:  a  foil.[5] 
Simulations  indicate  that  using  a  voltage  barrier  can 
control  the  DARHT-II  beam  spot  size  (Fig.  2a)  and 
maintain  the  collimated  x-ray  dose  effectively  over  the 
entire  beam  pulse  (Fig.  2b).  We  have  chosen  the  inductive 
ion  trap  as  the  DARHT-II  baseline  and  the  foil  barrier  as 
the  backup  plan  for  ion  mitigation. 


Beam 


Fig.l  An  inductive  ion  trap  self-biases  the  target  by  the  beam 
loading  effect 
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Fig.  2  (a)  The  R.M.S.  spot  size  and  (b)  the  normalized 
collimated  x-ray  dose  as  a  function  of  time.  The  ion  trap  voltage 
is  370  kV,  and  the  ion  trap  gap  is  2  cm. 

3  TARGET  PLASMA  AND  MITIGATION 

Hydrodynamic  simulations  [6]  of  a  2-4  kA,  20  MeV,  0.5 
mm  radius,  60  ns  electron  beam  striking  a  1-mm  Ta  target 
show  that  the  target  material  is  generally  fully  ionized 
immediately  and  that  the  target  plasma  expands  at  1-2 
cm/ps  axially  and  -  1  cm/ps  radially.  The  plasma 
electrons’  number  density  varies  from  1023  cm'3  near  the 
target  surface  to  1012  cm'3  at  the  plasma  edge  which  drops 
to  zero  within  1-2  mm.  The  plasma  temperature  is  a  few 
eV  at  the  onset  of  the  subsequent  pulse.  The  magnetic 
diffusion  time  is  much  shorter  than  the  electron  pulse 
length.  Thus,  the  plasma  could  only  neutralize  the  space 
charges  of  the  beam  but  not  the  beam  current.  Finally,  the 
target  plasma  channel  in  the  DARHT-II  target  region  is 
too  short  to  support  growth  of  the  ion  hose  instability. 

The  plasma  channel’s  disruption  length  is  about  2-3  cm. 
The  plasma  channel  may  be  too  long  for  the  fourth  pulse 
at  the  end  of  2  ps  to  maintain  a  small  spot  size  if  the 
plasma  expansion  velocity  is  large.  Slowing  target  plasma 
expansion  and  reducing  plasma  production  can  minimize 
the  beam-plasma  interaction.  Distributing  the  target 
material  over  a  large  volume  decreases  the  energy 
deposition  per  unit  volume,  and  hence  reduces  the  initial 
plasma  expansion  velocity. [7]  The  scattered  electrons  in  a 
distributed  target  may  form  a  larger  cone  and  deposit 
energy  into  more  atoms.  A  smaller  energy  deposition  per 
unit  mass  leads  to  a  slower  asymptotic  plasma  expansion. 
A  lower  energy  deposition  per  unit  mass  at  the 
downstream  of  the  target  may  prevent  the  downstream 
target  from  turning  into  a  plasma.  Hence,  less  plasma  is 
created.  Moving  the  target  transversely  to  the  beam  axis 
while  the  electron  beam  strikes  the  target  also  makes 
electrons  deposit  energy  in  a  larger  area  and  in  more 
target  atoms.  Therefore,  using  a  dynamic  target  also 
yields  less  plasma  and  slower  plasma  expansion. 


4  REPOSITIONING  TARGET  AND 
DYNAMIC  TARGET 


The  initial  DARHT-II  radiographic  specifications  require 
delivering  four  4  kA,  20  MeV,  60  ns  long  pulses  on  the 
converter  with  the  beam  axis  to  be  within  5  mm  radius  of 
the  radiographic  axis.  To  provide  target  replenishment, 
we  have  investigated  two  target  configurations:  a 
repositioning  target  and  a  dynamic  (single  axis)  target. 
Both  target  configurations  consist  of  a  distributed  target 
and  an  inductive  ion  trap.  The  repositioning  target 
configuration’s  beamline  is  different  from  the  single  axis 
beamline  [8]  only  in  the  few  meters  before  the  final 
focusing  lens. 

4.1  Repositioning  Target  Configuration 

A  4-way  kicker  system  (with  a  4-way  septum)  or  a  fast 
deflector  system  is  needed  before  the  final  focusing  lens. 
Transport  through  these  systems  is  difficult.  The  electron 
beam’s  nominal  incident  angle  on  the  target  is  1.36° 
which  would  reduce  the  forward  x-ray  by  10  % 
compared  with 


Fig. 3  A  repositioning  target  configuration 

the  x-ray  production  by  a  beam  with  zero  incident  angle. 
A  compartmentalized,  repositioning  target  configuration 
(Fig.  3)  was  proposed  by  Prono  [9]  to  minimize  the  beam- 
plasma  interaction.  To  accommodate  four  repositioned 
beams,  the  upstream  aperture  of  the  ion  trap  is  large.  This 
results  in  a  larger  required  gap  voltage  and  a  longer  ion 
trap  channel  length.  Hydrodynamic  simulations  show  that 
the  electron  pulses  near  the  end  of  the  2  ps  would  travel 
through  up  to  2.5  cm  (~  plasma  disruption  length)  of 
plasma  (Fig.  4)  [6]. 


density 

contour? 
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Fig.  4  Static  Ta  target’s  plasma  density  contours  at  2  ps.  The 
target  plasma  is  created  by  a  4  kA  DARHT-II  pulse  at  the 
beginning  of  2  ps. 

4.2  Dynamic  Target  Configuration 

The  obvious  advantages  of  using  a  single  axis,  dynamic 
target  are  preservation  of  the  radiographic  axis  and  ease 
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of  beam  transport  without  any  beam  repositioning  optical 
elements.  There  are  also  other  benefits.  For  a  0.6  mm 
radius  beam  striking  a  dynamic  target  moving  at  1  cm/ps, 
reduction  in  energy  deposition  per  unit  mass  over  a  60  ns 
pulse  would  be  25  %,  and  reduction  in  the  asymptotic 
plasma  expansion  velocity  is  13  %.  Also,  a  dynamic 
target  moves  the  target  plasma  inertially  away  from  the 
beam  axis.  Simulations  show  that  none  of  four  4-kA 
current  pulses  will  travel  through  the  target  plasma  if  the 
target  is  moving  faster  than  8  mm/ps  (Fig.  5)  [6].  Three 
options,  a  gas  gun,  shaped  charge  and  flywheel,  are 
available  for  the  dynamic  target.  They  all  have  difficulties 
to  interface  with  a  target  chamber.  Dynamic  targets  tend 
to  be  not  very  clean.  However,  cleanliness  of  the  dynamic 
target  should  not  be  a  concern  for  a  multiple  pulse  system 
since  an  ion  trap  will  be  used  to  confine  any  target  ions 
and  contaminant  ions. 
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Fig.  5  Target  plasma  density  contours  at  2  ps  for  a  Ta  target 
moving  at  1  cm/ps.  Three  plasma  plumes  created  by  the  first 
three  4  kA  DARHT-II  pulses  separated  by  630  ns  are  shown. 


5  DISTRIBUTED  TARGET 

The  DARHT-II  radiographic  specifications  for  the  2  kA, 
20MV  beam  require  the  last  beam  pulse  to  generate  an  x- 
ray  dose  at  650  R  @  lm  and  the  first  three  beam  currents 
to  generate  three  much  lower  dose  x-ray  pulses.  The 
initial  4-pulse  target  consists  of  an  ion  trap  and  a  static, 
distributed  target  that  has  -  20  thin  0.05  mm  tungsten 
sheets  distributed  over  1  cm  and  separated  by  vacuum 
gaps.  The  sheets  are  held  within  a  tungsten  cylinder  that 
provides  radial  confinement  of  the  target.  The  single 
pulse,  2-3  kA,  16  MeV  FXR  experiment  using  a  similar 
distributed  target  [7]  demonstrated  that  the  downstream 
side  of  target  foils  remained  intact,  and  that  the  measured 
x-ray  dose  and  spot  size  for  the  distributed  foil  target  was 
the  same  as  for  a  solid  target  as  predicted  by  simulations. 
We  have  modeled  the  distributed  target  with  the  2  kA 
DARHT-II  current  pulse  format.  For  each  pulse,  the 
calculations  include  three  types  of  modeling.  First,  a 
Monte  Carlo  calculation,  using  a  given  beam  spot  size, 
emittance  and  envelope  slope,  was  done  to  calculate  the 
beam  scattering  in  the  target  and  x-ray  production.  A 
hydro  calculation  was  then  carried  out  to  characterize  the 
target  plasma.  Finally,  beam  transport  through  the 
expanding  plasma,  including  scattering  and  neutralization 
of  target  plasma  and  energy  deposition  by  electrons,  was 
modeled  to  determine  the  next  pulse’s  spot  size,  emittance 
and  envelope  angle.  These  procedures  were  repeated 


again  for  the  subsequent  pulse.  To  save  computation  time, 
the  distributed  foil  target  was  modeled  as  a  low  density, 
foamed  target.  The  calculations  indicate  that  the 
configuration  of  distributed  Ta  foils  within  a  Ta  cylinder 
can  radially  confine  the  target  material  (Fig.  6).  All  four 
electron  pulses  will  travel  through  the  target  with  a  line 
density  equivalent  to  the  line  density  of  a  Ta  foil  thicker 
than  0.25  mm.  Therefor,  it  permits  all  four  pulses  using 
the  same  target  material  to  produce  the  similar  x-ray  dose 
for  photons  within  2-6  MeV  energy  range. 
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Fig.  6  Target  line  density  for  foamed  target. 

6  SUMMARY 

We  are  developing  the  multiple  pulse  target  system  for 
the  second  axis  of  DARHT.  Several  configurations  have 
been  investigated.  The  baseline  for  the  initial  DARHT-II 
target  configuration  will  consist  of  an  ion  trap  and  a 
distributed,  static  target  that  has  -  20  thin  0.05  mm 
tungsten  sheets  distributed  over  1  cm  inside  a  tungsten 
cylinder  and  separated  by  vacuum  gaps.  The  calculations 
indicate  that  no  target  replenishment  is  needed.  However, 
the  target  density  is  the  least  for  the  most  demanding  dose 
requirement  (the  4lh  pulse).  We  need  experimental 
verification  of  target  survivability  through  four  pulses. 
Whether  the  quality  of  x-ray  produced  by  all  four  pulses 
satisfy  the  radiographic  also  needs  further  investigation. 
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Abstract 

A  quantitative  understanding  of  space-charge-dominated 
beam  dynamics  issues  is  essential  to  the  development  of  a 
cost-effective  driver  for  heavy-ion  beam-driven  inertial 
fusion  energy  (Heavy  Ion  Fusion,  or  HIF).  A  multi¬ 
laboratory  “working  group”  is  collaborating  to  develop 
such  an  understanding  via  detailed  computer  simulations, 
benchmarked  versus  experiments  where  possible.  This 
work  is  motivated  by  the  need  to  plan  for  an  “Integrated 
Research  Experiment”  (IRE)  facility  to  be  proposed  for 
construction,  and  for  magnetic  quadrupole  beam  transport 
experiments  planned  for  the  very  near  term.  We  began  by 
identifying  the  issues  which  must  be  addressed;  developing 
a  model  IRE  design;  and  conducting  “baseline”  transverse 
WARPxy-code  simulation  studies  of  the  central  nominal- 
energy  portion  of  the  beam,  for  an  ideal  error-free  version 
of  that  design.  Current  work  is  examining  the  effects  of  a 
wide  spectrum  of  mismatches  (including  head-to-tail 
effects),  errors,  and  imperfections,  which  establish  the 
allowable  tolerances  and  ultimately  constrain  the  design. 
We  are  beginning  to  employ  WARP3d  to  perform 
integrated  time-dependent  3-D  simulations  from  the  source 
through  the  end  of  the  machine. 

1  INTRODUCTION 

A  successful  HIF  driver  must  produce  a  set  of  beams  with 
the  intensity,  brightness,  and  pulse  shape  dictated  by 
target  requirements.  This  implies  constraints  on  the 
ultimate  transverse  and  longitudinal  beam  emittance.  The 
beam  phase  space  evolves  as  the  beam  moves  down  the 
accelerator,  under  the  influence  of  applied-field,  space- 
charge,  and  image  nonlinearities,  and  of  collective  modes. 
Furthermore,  it  is  necessary  to  minimize  beam  loss.  This 
translates  into  limits  on  the  allowable  beam  halo.  Finally, 
the  cost  of  the  accelerator  must  be  minimized,  and  so  the 
beam  must  fill  as  much  of  the  channel  as  possible.  Thus  a 
quantitative  understanding  of  the  dynamic  aperture  and  its 
scaling  with  beam  and  accelerator  parameters  is  essential. 
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Available  experimental  data  is  limited,  so  this  effort 
must  make  heavy  use  of  simulations  and  analytic  theory, 
while  planning  for  near-term  full-scale  magnetic  transport 
experiments.  The  dynamics  issues  in  a  full-scale  driver 
and  a  next-step  IRE  are  very  similar,  except  that  issues 
associated  with  the  highest  beam  kinetic  energy  arise  only 
in  the  former.  Detailed  design  is  more  urgently  needed  for 
IRE  than  it  is  for  a  driver,  and  simulations  for  a  shorter 
system  are  more  readily  performed.  Thus  we  are  following 
a  balanced  approach  whereby  most  calculations  are  being 
carried  out  in  the  IRE  context. 

Aspects  of  this  work  are  presented  in  more  detail  in 
other  papers  at  this  conference;  please  see  [1,2, 3, 4, 5]. 

2  PRELIMINARY  ACTIVITIES 

As  preliminary  activities,  we  first  identified  a  list  of 
issues  that  must  be  addressed  .  These  include  mismatches 
and  nonlinearities,  machine  errors,  low-energy  issues, 
collective  modes,  multi-beam  and  high-energy  effects,  and 
required  diagnostics.  We  then  developed  “an”  IRE  design 
to  use  as  the  initial  object  of  our  studies.  This  is  a  “straw 
person”  and  is  not  “the”  IRE  design;  however,  a  fairly 
complete  “physics  design”  was  needed.  Finally,  we  began 
simulating  a  baseline  “perfect  IRE”  accurately  and 
efficiently,  at  first  using  a  set  of  2-D  “slice”  simulations 
of  the  center,  head,  and  tail  of  the  pulse,  and  most  recently 
in  full  3-D.  It  was  deemed  important  to  validate  these 
simulations  via  convergence  studies. 

We  sought  a  representative  IRE  design  that  would  be 
credible,  straightforward,  and  relatively  easy  to  simulate. 
The  design  we  developed  is  similar  to  an  earlier  “HTE 
Update”  concept  [6],  but  does  not  employ  beam  merging, 
since  a  detailed  design  for  a  magnetic  merging  section  is 
not  yet  available.  Relative  to  the  earlier  design,  the  initial 
pulse  is  twice  as  long,  and  the  final  kinetic  energy  is 
twice  as  great,  so  that  the  same  total  energy  is  achieved. 
This  design  is  embodied  in  stand-alone  scripts  (versions 
using  Basis  and  Python  exist),  which  produce  input  that 
can  be  read  by  various  codes,  in  particular  the  WARPxy 
and  WARP3d  PIC  models,  and  SLV,  a  semi-Lagrangian 
Vlasov  model.  Some  parameters  are:  initial  line  charge 
density  A,,  =  0.25  ffC/m,  pulse  duration  t,  =  7.33ps,  32 
beams,  30  kJ  total,  phase  advance  ct0  =  70°,  tune 
depression  G/o0  =  0.1,  beam  radius  a  =  1.5  cm.  Other 
features  of  this  design  are  summarized  in  Table  I. 

These  parameters  set  requirements  on  numerical 
resolution;  the  sheath  at  the  edge  of  the  beam  falls  off 
over  2-3  mm,  so  the  maximum  usable  cell  size  is  about 
1  mm.  With  four-fold  symmetry,  we  typically  employ 
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Table  I.  Parameters  of  reference  IRE  design 


128  zones  along  each  coordinate  axis,  then  apply  spatial 
filtering  to  minimize  grid  “aliasing”  (this  is  important 
only  for  beams  colder  than  those  studied  here);  use  of  32 
zones  unfiltered  gives  roughly  similar  results.  Crude  runs 
in  (x,y)  geometry  require  5000-20,000  particles. 
Simulations  of  the  baseline  case  also  aided  our  learning  to 
run  WARPxy  efficiently;  we  use  the  FFT  Poisson  solver, 
obtaining  a  round  pipe  via  the  capacity  matrix  method. 
We  take  the  same  number  of  steps  across  each  half-lattice 
period.  (HLP).  HLP's  start  and  stop  at  zero-length 
accelerating  gaps,  and  the  step  size  is  changed  at  those 
points.  We  began  by  using  sharp-edged  elements  and  the 
code’s  “residence  correction”  capability  which  preserves 
second-order  accuracy  when  the  applied  fields  are  so  non¬ 
smooth.  Numerical  convergence  tests  show  that  with 
80,000  particles  and  128  cells  there  is  emittance  growth 
only  in  the  second  section;  with  5000  particles,  numerical 
collisionality  causes  some  spurious  growth  of  about  20%, 
but  even  this  much  is  tolerable  in  the  design,  and  less 
than  that  caused  by  undesirable  physical  effects,  e.g., 
mismatching  of  the  off-nominal-energy  parts  of  the  beam. 


We  are  beginning  to  examine  (or  re¬ 
examine)  all  of  these  areas;  for  example  we 
employ  both  capacity-matrix  methods 
(crude)  and  subgrid-scale  boundary 
conditions  (precise,  but  more  expensive)  to 
obtain  electrostatic  quadmpole  fields  and 
image  effects.  We  also  are  comparing  runs 
using  axially-integrated  fringe  fields 
(lumped  into  an  element  one  moderate  As 
step  long)  against  runs  which  resolve  the 
fringing  using  small  steps. 

A  key  goal  is  the  development  of 
tolerance  requirements  with  respect  to  errors 
in:  beam  alignment;  magnet  strength; 
magnet  position  and  angle;  accelerating 
waveforms  (systematic,  ripple  and  jitter); 
“ear”  waveforms;  and  sensing  /  steering. 
The  simulations  in  Figure  1  show  the  effect 
of  various  magnet  errors  on  the  normalized 
x  emittance.  Each  color  is  an  overlay  of  five 
runs  with  differing  errors  (obtained  by  varying  the  random 
number  “seed”).  Table  II  lists  the  RMS  errors  included  in 
each  set  of  runs  (and  notes  whether  the  pseudo-octupole 
term  is  included  in  the  magnet  description);  from  top  to 
bottom  the  rows  in  the  table  correspond  to  the  shaded 
areas  of  the  plot.  The  large  fluctuations  in  the  upper  two 
plots  with  rotated  quads  appear  because  eNx,  rather  than  a 
generalized  emittance,  is  shown. 
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Figure  1 .  Effects  of  errors  (see  text  and  Table  II). 


3  ISSUES  AND  PROJECTS 

Mismatch  effects  are  associated  with:  transitions  in  the 
lattice  period  and  element  dimensions  (does  use  of  a  small 
number  of  element  designs  lead  to  more  emittance  growth 
than  a  continuous  variation,  which  may  be  harder  to 
manufacture?);  head-to-tail  variations  arising  from 
acceleration  and  compression;  and  dispersion  in  bends, 
primarily  in  the  injector,  drift  compression,  and  final 
focus  sections.  Nonlinearities  of  concern  are  associated 
with  electric-quadrupole  applied  fields  and  images; 
magnetic  quadrupole  fields,  including  higher  multipoles, 
and  fringe  fields  (is  it  sufficient  to  design  magnets  that 
have  zero  integrated  unwanted  multipoles,  or  must 
cancellation  be  more  local?);  accelerating  gap  fields;  and 
space  charge,  associated  with  nonuniform  charge  density. 


Pseudo- 

octupole 

Offset 

RMS 

Strength 

RMS 

Angle 

RMS 

yes 

25  u 

0.1% 

0.2° 

yes 

25  u 

0.1% 

0.1° 

yes 

25  u 

0 

0 

no 

25  ]i 

0 

0 

Table  II.  Errors  included  in  runs  in  Figure  1. 


Low  energy  issues  include;  the  initial  longitudinal 
capture  of  the  injected  beam,  using  shaped  accelerating 
pulses,  and  the  initial  acceleration  program  (a  variant  of 
“load  and  fire”  is  currently  assumed,  but  may  not  be 
optimal);  the  competition  between  longitudinal 
“accelerative  cooling”  and  collective  modes  which  couple 
transverse  thermal  energy  into  longitudinal  thermal  energy 
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when  the  former  exceeds  the  latter;  and  the  relaxation  of 
initial  inhomogeneities  via  the  phase-mixing  of  transverse 
oscillations.  We  are  learning  how  to  use  a  fixed 
computational  grid  in  WARP3d  to  simulate  the  injection 
process,  and  then  when  the  beam  has  been  fully  injected, 
setting  the  grid  to  act  as  a  moving  window  so  that  it 
continually  overlays  the  beam  (zones  are  discarded  from 
the  “rear”  of  the  mesh  and  inserted  at  the  front;  the 
alignment  of  the  computational  grid  lines  with  the 
accelerator  remains  fixed).  It  is  most  rigorous  to  begin 
with  an  injected  beam  for  all  runs.  However,  for 
convenience  it  is  desirable  to  learn  how  to  begin 
simulations  at  downstream  stations,  and  we  are  studying 
how  best  to  do  this;  for  example,  we  may  be  able  to  inject 
a  Maxwell-Boltzmann  beam  at  a  “waist”  (with  correction 
for  envelope  convergence/divergence). 

Collective  mode  issues  include  interactions  of  the 
beam  with  the  walls  and  accelerating  modules,  especially: 
proper  treatment  of  effects  of  voltage-divider  shielding 
plates;  longitudinal  instability  driven  by  module 
impedance  (there  has  been  much  past  work  on  this);  and 
effects  of  the  “beam  break-up”  mode  (BBU).  Transverse- 
longitudinal  thermal  energy  coupling  in  the  main 
accelerator  needs  to  be  better  understood;  does  the  seed 
amplitude  matter,  or  is  the  beam  always  “marginally 
stable”  with  respect  to  this  mode?  If  the  seed  amplitude 
matters,  where  does  it  come  from,  how  big  is  it,  and  what 
are  the  implications  with  respect  to  machine  design? 

Multi-beam  and  high-energy  issues  include  assessing 
the  degree  to  which  the  separate  beams  must  be  kept 
“identical,”  understanding  the  deflections  induced  by 
neighboring  beams,  and  the  effects  of  the  beam-induced 
magnetic  field.  This  field  can  be  important  in  a  driver  even 
when  v/c  <  0.3  because  the  self-electric  field  from 
neighboring  beams  may  be  well-shielded  while  the  self-B 
is  not;  thus  the  “g-factor”  which  relates  Ez  to  dX/dz  can 
be  driven  negative,  and  space-charge  waves  may  behave  in 
an  unfamiliar  manner.  The  implications  for  longitudinal 
stability  need  to  be  understood.  Furthermore,  it  is  likely 
to  be  important  to  treat  inductive  effects  with  enough 
fidelity;  to  this  end  we  are  investigating  magnetoinductive 
(Darwin)  models,  as  well  as  simplified  models  motivated 
by  the  fact  that  (to  a  good  approximation)  the  beam 
produces  only  a  longitudinal  current. 

An  early  assessment  of  the  required  diagnostics  will 
be  important  to  the  upcoming  experiments;  we  must 
determine  how  often  to  measure  the  beam,  in  both  the 
IRE  (a  research  tool  which  must  afford  detailed  knowledge 
of  beam  behavior  through  extensive  diagnostics)  and  a 
driver  (which  needs  just  those  diagnostics  required  for 
machine  operation).  Techniques  for  diagnosing  beams  at 
high  kinetic  energy  must  be  developed. 

4  DISCUSSION 

We  must  refine  the  model  IRE  design.  At  the  electric-to- 
magnetic  transition,  there  is  a  jump  in  focusing  strength 


experienced  by  the  “off-energy”  head  and  tail  of  beam,  so 
we  may  take  out  the  velocity  “tilt”  in  advance,  and  then 
reintroduce  a  larger  tilt  to  initiate  longitudinal  bunch 
compression;  alternatively,  we  can  perhaps  achieve 
“matching”  via  time-varying  quadrupoles.  Our  near-term 
goal  is  to  simulate  the  IRE  in  full  3D,  including  detailed 
accelerating  waveforms  and  a  realistic  beam. 

To  properly  model  a  fusion  system  it  will  be 
essential  to  perform  integrated  calculations.  We  must  carry 
the  particle  distribution  coming  out  of  each  accelerator 
section  into  the  subsequent  section,  because  the  beam 
already  has  internal  structure  as  it  emerges  from  the 
injector,  and  disturbances  can  propagate  long  distances. 
Furthermore,  the  beam  must  have  a  particular  pulse  shape 
on  target;  hence  it  has  a  time-varying  energy  distribution 
and  transverse  distribution  function,  and  the  optical 
aberrations  will  be  time-varying.  Time-varying  currents  in 
the  chamber  affect  the  focusing,  and  must  be  modeled 
consistently  with  partial  neutralization  and  other  effects. 
Links  have  been  made  between  WARP  runs;  linkages  to 
the  chamber  code  BIC,  and  thence  to  the  target  code 
LASNEX,  exist,  but  have  yet  to  be  employed.  It  will  also 
be  desirable  to  establish  links  between  the  long-time  beam 
transport  calculations  and  detailed  simulations  studying 
instabilities,  halo  formation,  and  other  effects.  We  believe 
that  source-to-target  simulation  of  a  driver  is  within  reach 
on  upcoming  “terascale”  computers.  A  schematic  for  such 
simulations  is  depicted  in  Figure  2. 
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Figure  2.  Schematic  of  driver  and  computational  models. 
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Abstract 

The  recent  development  of  miniature  inductive  adders  has 
made  it  feasible  to  design  programmable  high-repetition- 
rate  pulsers  with  a  substantially  higher  voltage  than  is  pos¬ 
sible  using  a  conventional  field-effect  transistor  architec¬ 
ture.  Prototype  pulsers  using  the  new  technology  are  be¬ 
ing  developed  as  part  of  a  series  experiments  at  Lawrence 
Livermore  National  Laboratory  (LLNL)  to  test  the  con¬ 
cept  of  a  recirculating  induction  accelerator.  Preliminary 
numerical  work  is  reported  here  to  determine  what  effects 
the  higher- voltage  pulsers  would  have  on  the  beam  quality 
of  the  LLNL  small  recirculator. 

1  INTRODUCTION 

A  series  of  scaled  experiments  is  underway  at  the  Law¬ 
rence  Livermore  National  Laboratory  (LLNL)  to  test  the 
concept  of  a  recirculating  induction  accelerator  or  “re¬ 
circulator.”  The  pulsed-power  circuitry  used  to  drive  the 
induction  modules  on  this  “small  recirculator”  attains  the 
needed  precision  and  repetition  rate  by  using  a  parallel  ar¬ 
ray  of  field-effect  transistors  (FETs),  which  currently  have 
a  voltage  limit  of  about  500V.  Due  to  this  limit,  the  orig¬ 
inal  design  required  an  induction  modules  or  “cells”  in 
each  available  half-lattice  period  (HLP)  to  meet  the  goal  of 
doubling  the  beam  velocity  over  fifteen  laps.  The  pulsers 
for  these  modules  constitute  about  half  of  the  projected 
hardware  cost  of  the  small  recirculator. 

Recently,  a  project  has  been  carried  out  jointly  by  the 
LLNL  heavy-ion  fusion  group  and  First  Point  Scientific, 
Inc.  (FPSI)  to  design  prototype  high-voltage  pulsers  for 
the  small  recirculator  using  the  miniature  inductive  adders 
developed  by  FPSI.  If  successful,  the  new  pulsers  might 
lower  the  cost  of  the  small  recirculator  by  substantially 
reducing  the  number  of  acceleration  modules. 

The  possible  use  of  higher-voltage  pulsers  raises  the 
question  of  whether  applying  stronger  but  less-frequent 
acceleration  and  control  fields  will  seriously  degrade  beam 
quality  in  the  LLNL  small  recirculator.  In  this  paper,  we 
report  preliminary  numerical  work  to  compare  the  effects 
of  using  between  five  and  thirty-four  pulsers,  using  several 
acceleration  schedules  for  each  configuration. 

2  METHOD 

Acceleration  schedules  are  examined  here  with  the  fast¬ 
running  beam-dynamics  code  CIRCE  [1],  which  combines 
an  envelope  description  of  transverse  dynamics  with  a 
fluid-like  treatment  of  longitudinal  dynamics.  For  each 
acceleration  schedule,  the  electric  potential  V(t)  across 


*  Work  performed  under  the  auspices  of  the  U.  S.  Department  of  Energy 
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induction  modules  is  set  up  by  a  two-step  calculation. 
A  modified  version  of  an  approach  developed  by  Kim 
and  Smith  [2]  is  used  to  generate  acceleration  fields  for 
self-similar  compression  in  the  absence  of  the  longitudinal 
space-charge  field.  Longitudinal-control  fields  or  “ears” 
are  then  added  to  balance  the  longitudinal  force  due  to  the 
beam  space  charge. 

As  originally  formulated,  the  Kim-Smith  approach  as¬ 
sumes  that  beam  slices  have  ballistic  trajectories  between 
induction  cells,  so  the  velocity  between  the  nth  cell,  cen¬ 
tered  at  longitudinal  position  sn,  and  the  next  one  at  s„+i 
is 


Pn+lC = 


Sn  +  1  Sn  _  0Sn 

4+1-4  = 


(i) 


where  the  slice  arrival  times  tln+1  are  chosen  so  that  the 
beam  current  h  at  sn+i  is  self-similar  to  that  at  sn .  When 
that  the  cell  length  is  negligible,  the  voltage  needed  in 
the  nth  cell  at  time  tfn  is  then  given  approximately  by 


V‘ 

v  n 


^~m+i)2-(pLn 


(2) 


where  q  and  M  are  the  charge  state  and  mass  of  beam 
ions,  and  y. ,•  is  the  Lorentz  factor  associated  with  /?,■  = 

j(#+/tn)- 

The  velocity  estimate  in  Eq.  (1)  is  suitable  for  a  beam 
in  a  straight  lattice,  in  which  the  design  orbit  coincides 
with  the  beam-pipe  axis.  In  a  circular  accelerator  like  a 
recirculator,  however,  the  head-to-tail  velocity  variation 
or  “velocity  tilt”  needed  for  beam  compression  causes 
the  lower-energy  beam  head  to  have  a  trajectory  inside 
the  design  orbit,  and  the  higher-energy  tail  has  a  trajec¬ 
tory  outside  it.  This  centroid  displacement  alters  the  path 
length  of  a  slice  in  a  bend  and  must  be  accounted  for 
Eq.  (1).  A  simple  calculation  using  the  approximation  of 
continuous  focusing  shows  that,  for  electric  sector  bends, 
each  with  an  occupancy  %,  a  radius  p,  and  a  mean  radius 
p  =  p/r]b,  the  beam  displacement  X  in  the  accelerator 
plane,  averaged  over  the  alternating-gradient  flutter  mo¬ 
tion,  is 


X 


2  A  p 


4L._iL4._2_p  p 

32+  R2  T  r 


(3) 


Here,  R  is  the  beam-pipe  radius,  L  is  the  half-lattice  pe¬ 
riod,  and  cr0  is  the  betatron  phase  advance  over  a  full 
lattice  period  .2 L  in  the  absence  of  space  charge.  The 
“momentum  error”  Ap  =  p  —  p0  is  difference  between 
the  local  beam  momentum  p  =  y j3Mc  and  the  design 
momentum  po  =  [qeyM  Ebxp]ll2 ,  which  is  the  value  for 
which  an  ion  will  stay  on  the  design  orbit  in  a  sector  bend 
with  a  radius  p  and  field  strength  Ebx,  For  a  magnetic  sec¬ 
tor  bend  with  a  field  strength  Bby ,  the  design  momentum 
becomes  po  =  qeyM Bbyp,  but  the  X  expression  corre¬ 
sponding  to  Eq.  (3)  differs  only  in  the  factor  2/p  being 
replaced  by  1/p.  The  phase-advance  depression  caused  by 
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the  beam  space  charge  is  accounted  for  by  the  term  pro¬ 
portional  to  the  perveance  I<  =  2qeh/[4'K€0(/3j)3Mc3]. 
To  lowest  order  in  X/p,  the  added  path  length  due  to 
bends  can  be  accounted  for  in  Eq.  (1)  by  the  substitution 


mb 


Lbn 


6sn  -+  6sn  +  Y]  Xi(stm ), 


(4) 


where  Ljm,  pm,  and  are  respectively  the  length,  bend 
radius,  and  axial  location  of  mj,  bends  between  the  induc¬ 
tion  cells.  Since  X ,•  depends  on  f3h+i  directly  through 
A  p/p  and  7 and  indirectly  through  <r0  and  Jj,  Eq.  (1) 
becomes  a  transcendental  equation  for  (3ln+1  and  must  be 
solved  iteratively. 

To  calculate  the  full  waveforms  for  acceleration  and 
longitudinal-control,  the  modified  Kim-Smith  method  is 
first  used  to  generate  waveforms  for  acceleration  and  com¬ 
pression  only,  ignoring  the  longitudinal  component  of  the 
beam  space-charge  field.  CIRCE  is  then  run  using  these 
fields  but  with  the  longitudinal  space-charge  field  artifi¬ 
cially  turned  off,  mimicking  perfect  longitudinal  control. 
Finally,  the  beam  current  profile  from  this  run  is  used  to 
calculate  the  optimal  ear  field  in  each  acceleration  gap. 

3  RESULTS 

A  large  number  of  CIRCE  runs  have  been  carried  out 
to  study  the  effects  of  using  higher-voltage  cells  in  the 
LLNL  small  recirculator.  This  exploratory  work  uses 
simple  acceleration  schedules  and  a  somewhat  idealized 
lattice,  ignoring  fringe  fields  and  errors,  and  employing 
sector  bends  instead  of  the  more  complicated  ‘  ‘flat-plate’  ’ 
bends  actually  built.  Nominal  parameters  of  the  small- 
recirculator  are  given  in  Table  1,  and  a  detailed  descrip¬ 
tion  of  the  lattice  is  found  in  Ref.  [4].  With  the  nominal 
low-voltage  pulsers,  induction  cells  are  required  in  thirty- 
four  of  the  forty  half-lattice  periods.  Three  HLPs  without 
acceleration  are  needed  to  insert  the  beam  into  the  ring 
and  to  extract  it,  and  a  three-HLP  extraction  section  is 
planned  halfway  around  the  ring.  For  this  nominal  case, 
the  specified  four-to-one  reduction  of  the  beam  duration  is 
obtained  by  imposing  a  velocity  tilt  as  rapidly  as  possible, 
consistent  with  a  maximum  pulser  voltage  of  500V.  The 
mid-point  beam  energy  is  taken  to  increase  linearly  with 
s  except  in  the  insertion/extraction  sections,  and  the  beam 
duration  is  specified  so  the  first  thirteen  waveforms  on 
the  first  lap  are  approximately  triangular,  with  small  devi¬ 
ations  that  account  for  the  transverse  space-charge  field, 
and  the  remaining  ones  are  nearly  flat-topped. 

After  the  final  lap,  centroid  displacement  X  at  the  ends 
is  about  ±  0.3  cm,  which  is  in  fair  agreement  with  the  an¬ 
alytic  estimate  of  Eq.  (3).  However,  the  plot  in  Fig.  1  of 
beam-head  displacement  for  this  case  during  the  final  lap 
shows  substantial  betatron  oscillation,  and  the  beam  tail 
shows  a  similar  betatron  amplitude.  This  betatron  motion 
arises  because  each  pulse  with  a  head-to-tail  voltage  in¬ 
crease  AV  causes  an  abrupt  change  in  the  momentum  tilt 
A  p/p  without  significantly  changing  X.  From  Eq.  (3), 
we  expect  the  centroid  to  be  mismatched  by  an  amount 
6X  ~  6(Ap/p),  and  a  simple  calculation  using  Eq.  (2) 


Table  1  Parameters  of  the  LLNL  small  recirculator 


beam  parameters 

ion  charge  state 

9 

1 

ion  mass 

M 

39  amu 

beam  current 

h 

2  — *  8 mA 

kinetic  energy 

(7o  - 

1  )Mc2  80  —  320  1 

duration 

At 

4  — f  1  ps 

lattice  parameters 

circumference 

®max 

14.4  m 

half-period 

L 

36  cm 

pipe  radius 

R 

3.5  cm 

shows  that 

-  /  A p\  qe AV 

\TJ*n mu0LdM*’ 

where  Bmid  is  the  average  of  ft  mid  before  and  after  the 
cell  and  is  the  corresponding  Lorentz  factor.  The 
mismatches  introduced  in  successive  cells  should  add  in  a 
Markovian  sense  because  the  betatron  wavelength  of  cen¬ 
troid  motion  is  typically  uncorrelated  with  the  cell  spacing. 
Therefore,  if  N  pulses  are  used  to  give  a  specified  energy 
increase  and  velocity  tilt,  so  that  AV  ~  N~1,  we  expect 
the  accumulated  betatron  amplitude  to  have  the  approxi¬ 
mate  scaling 


<5X~  AT*AV~  N-i.  (6) 

3. 1  Effects  of  pulser  number 

Comparing  cases  with  from  five  to  thirty-four  cells  per  lap 
but  with  the  same  acceleration  schedule,  we  find  that  the 
peak  betatron  amplitude  at  the  beam  ends  approximately 
doubles  going  from  thirty-four  to  eighteen  cells,  but  then 
drops  significantly  for  the  ten-cell  case,  as  seen  in  Fig. 
1 .  This  improvement  results  from  the  periodic  spacing  of 
cells  that  is  possible  in  the  ten-cell  case.  The  two  inser¬ 
tion/extraction  sections  prevent  equal  cell  spacing  in  the 
lattices  with  eighteen  and  thirty-four  cells,  but  when  cells 
are  added  to  these  sections  to  make  periodic  lattices  with 
respectively  twenty  and  forty  cells,  the  betatron  motion  at 
the  beam  ends  becomes  very  similar  to  that  for  the  ten-cell 
case.  For  the  eight-cell  and  five-cell  cases,  the  betatron 
oscillations  are  progressively  worse  due  to  the  larger  AV 
in  the  triangular  pulses,  effectively  prohibiting  the  use  of 
triangular  waveforms  in  these  lattices. 

3.2  Effects  of  pulser  waveforms 

The  mismatch  of  the  beam  ends  caused  by  head-to-tail 
voltage  variation  can  be  reduced  by  using  a  smaller  AV 
in  a  correspondingly  larger  number  of  induction  cells.  For 
the  same  overall  compression,  each  lattice  studied  shows 
a  reduction  in  beam-end  betatron  motion  when  a  schedule 
with  triangular  pulses  is  replaced  by  one  using  a  larger 
number  of  trapezoidal  pulses.  The  minimum  betatron  am¬ 
plitude  is  seen  when  trapezoidal  pulses  are  used  on  all 
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Fig.  1  Beam-head  centroid  displacement  during  the  fi¬ 
nal  lap  in  lattices  with  ten  and  thirty-four  cells,  with  ve¬ 
locity  tilt  imposed  rapidly  during  the  first  lap. 


Fig.  2  Beam-head  centroid  displacement  during  the  fi¬ 
nal  lap  in  lattices  with  ten  and  thirty-four  cells,  with  ve¬ 
locity  tilt  imposed  gradually  during  all  fifteen  laps. 


fifteen  laps,  as  illustrated  in  Fig.  2.  In  lattices  with  regu¬ 
lar  cell  spacing,  we  find  that  betatron  motion  introduced  at 
the  beam  ends  by  a  voltage  tilt  becomes  negligible  when 
A  p/p  changes  in  a  cell  by  less  than  about  0.1%.  Using 
Eq.  (5),  this  criterion  can  be  written  to  lowest  order  in 
Pmid  as 


qeAV 


<  0.004, 


(7) 


where  ^lidMc2  is  the  beam  kinetic  energy  in  the  non- 
relativistic  limit.  Nonperiodic  cell  spacing  introduces  an 
additional  mismatch,  leading  to  the  fluctuations  seen  in 
Fig.  2  for  thirty-four  cells. 

Another  result  of  applying  a  reduced  AV  in  more  cells 
is  that  the  maximum  displacements  of  the  beam  head  and 
tail  increase.  As  the  velocity  tilt  is  applied  more  gradually, 
A  p/p  reaches  its  maximum  of  about  3%  later  in  the  ac¬ 
celeration  sequence,  and  since  <to  decreases  roughly  like 
/3"1  for  magnetic  focusing,  the  average  displacement  at 
this  point  is  larger,  as  seen  from  Eq.  (3).  Optimizing  the 
acceleration  schedule  for  a  recirculator  entails  balancing 
this  increased  displacement  against  the  reduced  betatron 
amplitude  found  with  a  more  gradual  introduction  of  ve¬ 
locity  tilt.  The  velocity  tilt  should  therefore  be  introduced 
the  as  rapidly  as  possible  without  initiating  betatron  oscil¬ 
lations  at  the  beam  ends,  as  determined  by  Eq.  (7). 

3.3  Emittance  growth 


match.  The  particle  simulations  with  thirty-four  cells  also 
show  a  larger  and  denser  “halo”  of  unconfined  particles 
near  the  ends  than  the  ten-cell  simulations,  resulting  in 
a  higher  x'-emittance  near  the  ends.  For  both  cases,  the 
normalized  emittance  near  the  mid-point  increases  about 
68%  during  the  fifteen  laps,  but  the  increase  is  greater 
than  165%  at  two  maxima  near  the  ends  for  thirty-four 
cells,  whereas  no  emittance  growth  above  the  mid-point 
value  is  seen  the  ten-cell  case.  The  enhanced  loss  of  ions 
near  the  beam  ends  in  the  thirty-four  cell  case  appears  to 
be  another  effect  of  nonperiodic  cell  spacing,  since  it  is 
not  seen  in  WARP3d  runs  in  lattices  with  twenty  or  forty 
cells  per  lap. 


4  CONCLUSIONS 

The  CIRCE  and  WARP3d  simulations  here  indicate  that 
beam  in  the  LLNL  small  recirculator  can  be  accelerated 
and  compressed  using  as  few  as  five  acceleration  cells 
per  lap,  provided  that  the  velocity  tilt  is  added  gradually 
enough  to  avoid  initiating  betatron  oscillations  near  the 
beam  ends.  A  layout  having  ten  uniformly  spaced  cells, 
with  trapezoidal  pulses  used  on  perhaps  the  first  five  of 
the  fifteen  laps,  appears  optimum.  This  schedule  produces 
acceptably  small  betatron  oscillations  at  the  beam  ends, 
while  keeping  the  centroid  displacement  less  than  0.7  cm. 
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TIME-RESOLVED  INVESTIGATION  OF  THE  COMPENSATION 
PROCESSS  OF  PULSED  ION  BEAMS 

A.  Jakob,  H.  Klein,  A.  Lakatos,  O.  Meusel,  J.  Pozimski 


Abstract 

A  LEBT  system  consisting  of  an  ion  source,  two 
solenoids,  and  a  diagnostic  section  has  been  set  up  to 
investigate  the  space  charge  compensation  process  due 
to  residual  gas  ionization  [1]  and  to  study  experimentally 
the  rise  of  compensation.  To  gain  the  radial  beam 
potential  distribution  time  resolved  measurements  of  the 
residual  gas  ion  energy  distribution  were  carried  out 
using  a  Hughes  Rojanski  analyzer  [2,3],  To  measure  the 
radial  density  profile  of  the  ion  beam  a  CCD-camera 
performed  time  resolved  measurements,  which  allow  an 
estimation  the  rise  time  of  compensation.  Further  the 
dynamic  effect  of  the  space  charge  compensation  on  the 
beam  transport  was  shown.  A  numerical  simulation 
under  assumption  of  selfconsistent  states  [4]  of  the  beam 
plasma  has  been  used  to  determine  plasma  parameters 
such  as  the  radial  density  profile  and  the  temperature  of 
the  electrons.  The  acquired  data  show  that  the  theoretical 
estimated  rise  time  of  space  charge  compensation 
neglecting  electron  losses  is  shorter  than  the  build  up 
time  determined  experimentally.  An  interpretation  of  the 
achieved  results  is  given. 

1  INTRODUCTION 

Magnetic  low  energy  beam  transport  (LEBT)  systems 
enabel  space  charge  compensated  transport  of  high 
perveance  ion  beams  in  comparison  to  electrostatic 
focussing  systems,  which  suffer  from  the  high  beam 


energy  and  the  influence  of  the  space  charge  forces  on 
the  beam.  The  magnetic  LEBT  suffers  from  the  rise  time 
of  space  charge  compensation  of  pulsed  ion  beams. 
Variing  space  charge  forces  of  a  pulsed  ion  beams  lead 
to  a  shift  of  the  focus  and  therefore  to  a  mismatch  of  the 
following  accelerator  section.  To  investigate  the  effects 
of  the  rise  time  of  compensation  on  the  transport  of  ion 
beams  a  LEBT  section  with  non-destructive  diagnostics 
was  set  up  in  Frankfurt  [5], 

2  EXPERIMENTAL  SETUP 

Fig  1  shows  the  experimental  set  up  at  the  Institut  fuer 
Angewandte  Physik  (IAP)  to  investigate  the  behaviour  of 
an  ion  beam  (i.g.  10  keV)  transported  through  a  LEBT 
section.  The  LEBT  has  a  length  of  approximately  three 
meters  and  consist  of  an  ion  source,  a  first  small 
diagnostic  section,  to  measure  the  beam  current  directly 
behind  the  extraction  system,  two  solenoids  (B^  =0.8 
T)  and  a  following  diagnostic  section  with  different 
diagnostic  tools,  to  investigate  the  development  of  the 
compensation  process.  In  the  first  step  of  the 
investigation  of  the  compensation  process  the  ion  sorce 
was  run  in  DC  mode  and  the  ion  beam  was 
decompensated  in  pulsed  mode  by  a  decompensation 
electrode  electrode,  which  was  biased  at  350V,  with  a 
repetition  rate  of  1kHz,  a  decompensation  time  of  150  ps 
(decompensation  biased  at  350V)  and  a  compensation 
time  of  850  ps  (grounded  electrode). 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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As  decompensation  electrode  a  moveble  wire  was  used. 
Thus  it  was  possible  to  move  the  electrode  to  an  definite 
place,  which  can  be  observe  by  the  CCD  camera, 
therefore  we  can  be  sure  that  the  beam  does  not  touch 
the  wire,  which  has  a  strong  effect  on  the  compensation 
process  by  the  production  of  secundary  electrons.  In  the 
second  step  the  ion  source  was  run  in  pulsed  mode,  with 
a  repetition  rate  of  1kHz  and  a  duty  cycle  of  90  %.  To 
observe  the  rise  time  of  the  ion  source,  the  current 
measuremets  by  the  second  Faraday  cup  in  the  LEBT 
(fig.  1 )  were  done  using  an  oscilloscope.  Fig.2  shows  the 
result  of  such  a  measurement. 


Chi:  Ch  2 : 

1  VcJtxiiy  1  V-jJMlir 

lOOfis/jiv  100  Ms>lV 


Figure  2:  Beam  current  measurement  of  a  pulsed  ion 
beam 

For  a  good  comparability  of  the  measurements  all  used 
diagnostics  were  placed  at  the  same  area,  the  CCD 
camera  and  the  time-resolving  residual  gas  ion  energy 
analyser  (RGIEA)  were  arranged  orthogonally  and  the 
Faraday  cup  a  few  cm  behind.  The  decompensation 
electrode  also  was  placed  orthogonally  to  the  diagnostic 
devices  to  reach  a  local  decompensation  right  at  the 
region  of  interrest.  To  find  a  better  understanding  of  the 
data  measured  at  the  pulsed  ion  beam,  the  measurements 
at  a  pulsed  decompensated  DC  ion  beam  were  used  as 
reference. 


time  [|js] 

Figure  3:  Temporal  development  of  potentials  of  beam 
axis  and  beam  edge. 

The  residual  gas  ions  (RGI)  produced  by  the  interaction 
of  beam  ions  and  residual  gas  are  expelled  radially  by 


the  self  field  of  the  beam.  Under  assumption  of 
neglectable  start  energy,  the  kinetic  energy  of  the  RGI 
corresponds  to  the  beam  potential  at  the  point  of 
production.  The  energy  distribution  of  the  residual  gas 
ions  contains  information  on  the  radial  beam  potential 
distribution  and  thereby  on  the  degree  of  compensation. 
For  the  time-resolving  investigation  of  the  build-up  time 
of  space  charge  compensation  a  RGIEA  with  an  inserted 
single  particle  detector  (channeltron)  [5]  was  used.  The 
time  resolution  was  limited  by  the  data  acquisition  to  2 
Ms. 


3  MEASUREMENTS 

Fig.  3  shows  the  development  of  the  beam  potentials 
using  pulsed  beam  operation  obtained  by  the  intersection 
point  of  the  dynamic  energy  spectra  and  the  5%  baseline 
(5%  threshold)  corresponding  to  the  potential  at  the 
beam  axis  and  the  beam  edge. 

The  CCD  camera  was  used  to  observe  the  light  emitted 
by  the  residual  gas  excited  by  the  interaction  of  the  beam 
ions  with  the  residual  gas  molecules.  Therefore  one  get 
the  time  development  of  the  beam  ion  density  under  the 
assumption  that  the  intensity  of  the  emitted  light  is 
strongly  correlated  to  the  beam  ion  density.  From  the 
Abel  transformation  of  the  data  gained  from  CCD 
measurements  one  can  obtain  the  denstity  profile  of  the 
ion  beam.  Fig  5  shows  the  development  of  the  radius  of 
the  ion  beam  estimated  from  the  20  %  threshold  of  the 
measured  beam  ion  density  profiles. 

Fig.2  shows,  that  the  ion  source  needs  approximately 
100  ps  to  reach  a  state  of  constant  ion  generation,  then  a 
current  of  2  mA  was  measured.  At  50  ps  nearly  80%  of 
the  maximum  current  is  reached,  after  50  ps  the  current 
increases  substantially  slower.  This  can  also  be  read  off 
from  fig.3.  The  potential  increases  up  to  50  ps,  then  it 
decreases  due  to  the  compensation  of  the  space  charge 
forces  of  the  ion  beam. 

In  the  first  50  ps  the  rise  of  the  ion  beam  density 
dominats  the  development  of  the  potential  of  the  beam, 
due  to  the  increasing  ion  production  rate.  Afterwards  the 
compensation  process  dominates  the  potential 
development,  which  yields  to  a  continous  potential 
depression.  Fig.4  shows  the  development  of  the  beam 
potential  for  a  pulsed  decompensated  He+  (lOkV,  2mA) 
DC  ion  beam  under  same  conditions  (residual  gas 
pressure,  beam  current,  duty  cycle). 

In  comparison  to  the  potential  development  of  a  pulsed 
ion  beam,  the  potential  depression  starts  just  at  the  time 
when  the  compensation  process  begins.  The  maximum 
potential  is  by  a  faktor  1.5  higher  in  comparison  to  the 
pulsed  operation  mode.  Both  measurements  (fig.2  and 
fig.4)  show  that  after  approximately  500  ps  the  process 
of  potential  depression  is  completed.  Fig. 5  also  shows 
that  after  500  ps  the  development  of  the  beam  radius, 
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obtained  from  the  CCD  profile  measurements,  is 
completed,  no  further  shrinking  can  be  ascertain. 

The  comparison  of  both  measurements  shows,  that  in 
case  of  a  pulsed  ion  beam  the  compensation  process  runs 
faster  than  in  the  case  of  a  pulsed  decompensated  DC 
beam. 


Development  of  the  beam  potential 


Figure  4:  Temporal  development  of  beam  potential 
In  case  of  DC  operation  mode  the  potential  drop  inside 
the  ion  beam  at  the  begining  of  the  compensation 
process  has  a  substantially  higher  value  in  comparison  to 
the  pulsed  operation  mode  of  the  ion  source.  Due  to  this 
effect  two  processes  accur. 

Development  of  the  beam  radius 


Figure  5:  Temporal  development  of  beam  radius  of  a  DC 
ion  beam,  which  was  decompensated  in  pulsed  mode. 
The  compensation  electrons  produced  at  the  beginning 
of  the  compensation  process  are  trapped  in  the  potential 
well.  Due  to  the  deeper  potential  drop  in  case  of  DC 
operation  mode  electrons  of  higher  energy  can  be 
trapped.  In  case  of  pulsed  mode  faster  electrons  instantly 
get  lost.  The  fast  electrons  increase  the  temperature  of 
the  trapped  electrons.  Due  to  the  higher  temperatur  it 
becomes  harder  for  the  decreasing  beam  potential  to  trap 
the  electrons,  which  yields  to  a  prolongation  of  the 
compensation  process.  Secondly  the  trapped  electrons 
are  accelarated  in  the  potential  gradient  and  therefore 
gain  more  kinetic  energy  in  case  of  DC  operation  mode 
then  in  comparison  to  the  pulsed  operation  mode,  which 
yields  to  a  higher  averrage  energy  of  the  trapped  electron 
ensemble  and  therefore  again  to  a  prolongation  of  the 
compensation  process.  In  the  present  status  of  the 
analysis  we  do  not  know  which  process  dominates.  This 


needs  further  studies  and  a  precise  investigation  of  the 
results  of  the  self  consistent  simulations. 

Fig  6  shows  the  development  of  the  radius  of  a  pulsed 
ion  beam.  It  shows  the  same  behaviour  like  in  fig.5.  (The 
fluctuation  of  the  beam  radius  belongs  to  fluctuation  of 
the  measured  data  in  combination  with  the  data 
evaluation.) 

The  present  considerations  shows,  that  the  process  of 
space  charge  compensation  of  a  pulsed  as  well  as  of  a 
periodically  decompensated  DC  He*  (10  keV,  2  mA)  ion 
beam  is  finished  after  approximatly  500  ps.  The  rise  time 
of  compensation  can  be  estimated  [1]  to  400  ps  assuming 
constant  electron  production  rate  and  neglecting  electron 
losses. 


Development  of  the  beam  diameter 


Figure  6:  Temporal  development  of  the  beam  radius  of  a 
pulsed  ion  beam,  obtained  from  measured  data  (dotted 
line)  and  smoothed  curve  (full  line). 

4  FUTURE  WORK 

To  get  a  precise  estimation  of  the  rise  time  of 
compensation,  we  have  to  await  the  results  of  the  data 
avaluation  using  self  consistent  numerical  simulation, 
which  is  in  process.  Furtheron  the  time-resolved 
measurements  will  be  performed  on  a  pulsed  ion  beam 
of  other  ion  species  and  ions  of  higher  energy. 

The  time  development  of  the  kinetic  and  potential 
energy  of  the  compensation  electrons  will  be  analyzed 
using  the  numerically  results  of  the  simulation.  The 
achieved  particle  and  energy  balance  leads  to  a  better 
understanding  of  particle  loss  processes,  which  is 
important  for  the  investigation  of  the  compensation 
processses. 
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NEW  LONGITUDINAL  SPACE  CHARGE  ALGORITHM 


Shane  Koscielniak,  TRIUMF,  4004  Wesbrook  Mall,  Vancouver,  B.C.,  Canada 


Abstract 

We  describe  a  new,  improved  longitudinal  space-charge 
electric  field  calculation  for  particle  beams  with  periodic 
modulation  of  the  charge  density.  Whereas  the  usual 
method  assumes  long  bunches  with  constant  transverse 
cross-section,  the  new  algorithm  applies  to  long  or  short 
bunches  with  arbitrary  binomial  transverse  distribution  and 
incorporates  dynamical  corrections  to  the  usual  static  ap¬ 
proximation.  The  algorithm  has  been  coded  in  Fortran 
and  been  made  an  option  of  the  particle  tracking  program 
LONG  ID.  Based  on  tracking  studies,  it  is  concluded  that 
these  improvements  to  the  physics  model  are  most  impor¬ 
tant  for  short  bunches  with  high  synchrotron  frequency  and 
high-order  longitudinal  multipole  content. 

1  INTRODUCTION 

When  simulating[6,  7]  the  longitudinal  dynamics  of  a 
charged  particle  beam,  it  is  customary  to  adopt  a  one¬ 
dimensional  model  that  ignores  the  transverse  coordinates 
and  where  each  macro-particle  is  considered  as  a  transverse 
slice  or  disc.  The  internal  forces  due  to  mutual  Coulombic 
repulsion  of  like  charges  are  called  ‘space-charge’.  It  is 
a  common  procedure  to  model  longitudinal  ‘space  charge’ 
by  forming  the  spatial  derivative  of  the  longitudinal  charge 
density[4].  When  this  density  is  represented  by  a  Fourier 
series,  taking  the  derivative  becomes  particularly  simple: 
each  harmonic  component  is  multiplied  by  its  correspond¬ 
ing  wave  number  (i.e.  spatial  frequency).  This  practice 
involves  three  assumptions: 

•  the  beam  bunches  are  long  compared  with  the  vacuum 
pipe  cross-sectional  radius 

•  the  beam  cross-section  has  constant  charge  density 

•  the  field  can  be  obtained  (in  the  beam  frame)  from 
electrostatics. 

1.1  Long  bunches 

The  first  assumption  allows  one  to  adopt  a  two-dimensional 
model  for  calculation  of  the  transverse  electric  fields  based 
on  line  charges  (i.e.  infinitely  long  filaments).  This  prac¬ 
tice  is  inevitably  dubious  at  the  head  and  tail  of  the  bunch. 
If  one  considers  a  moving  point  charge,  with  relativistic 
energy  77710c2,  the  longitudinal  electric  field  is  reduced  by 
I/72  and  the  field  lines  are  ‘compressed’  into  a  transverse 
toroid  that  is  coaxial  with  the  motion.  Hence  it  is  clear 
that  the  assumption  of  line  charges  is  best  fulfilled  by  ultra- 
relativistic  particles;  but  this  is  also  the  regime  where  lon¬ 
gitudinal  space  charge  is  least  important. 

More  realistic  models  that  do  not  assume  long  bunches 
are  available  and  have  been  used  in  computer  simulations 


-  but  not  widely  so.  The  simplest  such  model  is  that  of 
Mortont  1]  (see  also  Refs.[3, 5])  in  which  the  geometric  fac¬ 
tor  go  is  made  to  roll  off  with  increasing  spatial  frequency. 
A  more  elaborate  model  is  that  of  Lebedev[2],  and  we  shall 
follow  a  similar  procedure  below. 

1.2  Beam  cross  section 

The  field  distribution  depends  on  the  transverse  charge  den¬ 
sity  distribution.  It  is  also  influenced  by  the  proximity  of 
the  vacuum  pipe  which  is  taken  to  be  a  perfectly  conduct¬ 
ing  cylindrical  wall  concentric  with  the  beam.  Further,  the 
longitudinal  electric  field  varies  over  the  beam  cross  sec¬ 
tion  and  must  be  ensemble-averaged  (transversally)  so  as 
to  obtain  values  that  are  representative.  All  of  these  ef¬ 
fects  taken  together  are  usually  rolled  into  a  single  geomet¬ 
ric  factor  go-  For  example,  for  a  uniform  beam  of  radius 
a  inside  a  pipe  of  radius  b  the  on-axis  geometric  factor  is 
go  =  1  4-  2  ln(6/a)  and  the  ensemble-average  geometric 
factor  is  go  =  0.5  4-  2  In (b/a).  These  issues  of  transverse 
charge  distribution  and  ensemble  averaging  have  been  ad¬ 
dressed  by  Baartman[8],  and  will  be  pursued  below. 

1.3  Dynamics  versus  statics 

Starting  from  the  wave  equation  one  may  find  an  exact 
expression  for  the  space-charge  force  in  the  frequency 
domain.  Using  this  solution  in  a  time-domain  particle¬ 
tracking  program  leads  to  the  following  contradiction:  the 
fields  at  each  time  step  are  calculated  assuming  the  charge 
distribution  is  static  and  in  equilibrium;  however  we  also 
expect  the  beam  distribution  to  be  changing  tum-by-tum 
in  the  synchrotron,  or  else  there  is  little  point  performing 
a  simulation.  This  contradiction  is  usually  dismissed  be¬ 
cause  “the  effect  is  small”;  the  error  incurred  in  the  field 
estimate  is  of  order  the  change  in  the  beam  distribution 
multiplied  by  the  pipe  radius  and  divided  by  the  longitu¬ 
dinal  distance  moved  in  the  time  step.  However,  for  ma¬ 
chines  with  high  synchrotron  frequency  and  longitudinal 
distributions  with  significant  high-order  multipole  content, 
changes  in  the  distribution  could  be  large.  Moreover,  at  a 
fundamental  philosophical  level  it  is  unsettling  in  a  dynam¬ 
ical  problem  to  use  fields  calculated  for  a  statics  problem. 

2  NEW  SPACE-CHARGE  ALGORITHM 

2.1  Field  calculation 

Let  the  electric  field  strength  vector  be  E,  the  charge  den¬ 
sity  per  unit  volume  be  p.  Suppose  that  the  beam  acceler¬ 
ates  slowly.  Let  s  =  ct  where  c  is  the  speed  of  light  and  t 
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is  the  time  coordinate.  Let  e  be  a  unit  vector  and  ||  denote 
the  longitudinal  axis.  The  electric  field  obeys  the  equation: 

[V2  -  d2/ds2]  E  =  (1/co)  [e||/3|| d/ds  +  V]  p .  (1) 

Let  r  and  z  be  the  radial  and  longitudinal  coordinates  re¬ 
spectively,  and  i  =  Under  the  assumption  that 

the  charge  distribution  is  longitudinally  periodic  and  cylin- 
drically  symmetric,  we  may  expand  charge  and  field  in 
Fourier  series  that  contain  a  radial  dependence  for  the  co¬ 
efficients: 


p  =  cr(r)Y,^k{s)eikiz~0s)\  E  =  ^E k(r,s)eik(-z-0s)u  . 
k  k 

(2) 

Here  k  is  the  integer  wave  number  and  u  =  h/Rs  is 
the  ratio  of  harmonic  number  h  to  the  synchronous  or¬ 
bit  radius  Rs.  Under  the  assumption  that  modulation  fre¬ 
quencies  are  much  smaller  than  the  carrier  frequencies, 
ujk  —  k  x  (///3||c),  we  may  approximate  the  temporal  field 
derivative  as 


ds 2 


E  : 


E- 


(k(3v)2Ek  +  2i(kf3v)^-E 

OS 


0ik{z-(3s)v 


(3) 


We  substitute  expressions  (2,  3)  into  the  wave  equation  to 
obtain  a  relation  for  each  Fourier  component 


[Vi  -  (M2/72]  Ek  +  2i{kvj3){Eky 

=  —  [*(MAfc/7a+Al (**)']  .  (4) 

eo 


where  the  superfix  prime  (')  denotes  partial  derivative  w.r.t. 
s  and  Vi  is  the  transverse  part  of  the  Laplacian  operator. 

Let  us  suppose  the  transverse  charge  distribution  of  ra¬ 
dius  a  is  given  by  the  (unity-normalized)  binomial  form 


a(r)  =  [1  -  (r/a)2f2(/z  +  l)/a2  .  (5) 


Because  there  is  no  transverse  multipole  content,  we  ex¬ 
pand  each  of  the  field  coefficients  in  terms  of  the  zeroth 
order  Bessel  function  basis: 

Ek{r,s )  =  Y^akj(s)J o(ayr-)  .  (6) 

j 

To  fulfil  the  boundary  condition  of  a  conducting  wall  at 
r  —  b  we  take  J0(ajb)  =  0  are  consecutive  zeros  of  the 
Bessel  function.  To  find  the  time-dependent  coefficients 
akj  we  make  use  of  the  orthogonality  relation[l  1]  between 
Bessel  functions,  leading  to 

(b2 / 2)  J2 (a jb)  {[-a2  -  {kt//y)2]akj  +  2i{ku(3)a'kj} 

=  (l/e0)[ifci'Afc  +  /?||(A  ky]B(p,aja)  (7) 

where  the  function 

B(n,x)  =  (/x  +  1)!2(m+1) J^+i(x)/x{m+1)  .  (8) 

The  longitudinal  electric  field  is  given  by 

Ez(r,z,s)  =  J2eik{Z~0S>Ha^J^a^  '  <9> 

k  j 


To  find  the  effective  longitudinal  field  for  a  one¬ 
dimensional  particle  simulation,  we  must  ensemble  aver¬ 
age  over  the  transverse  distribution;  and  this  leads  to 

(Ez)(z,s)  =  J2e'k(z-0s)u'Eak^B^<Xja)  ■  (10) 
k  j 

If  the  charge  density  does  not  change  then  we  may  find 
an  explicit  expression  for  the  complex  coefficients  akj',  and 
the  static  field  is  given  by  ( Ez)(z ,  s)  = 

_L  pik(z-0s)v  sr  —ikv\kB2{p,  Oja) 

€0  V  j  {b2mJl{.ocjb)[{ajl)2  +  (kv)*}  ■ 

(ID 

For  the  case  ku  <C  'yaj  and  p.  =  0  this  expression  leads 
to  field  values  identical  with  the  simple  theory  involving 
go  =  (1/2)  +  21n(6/a). 

2.2  Discretization 

If  the  line  charge  coefficients  Xk  are  time  dependent  then 
Eqn.  (7)  must  be  solved  numerically  using  a  suitable 
scheme  that  discretizes  the  time  steps  and  replaces  the 
derivatives  by  finite  difference  representations.  In  the  com¬ 
puter  program  LONGlD[9]  we  have  chosen  a  scheme  that 
is  consistent  with  the  leap-frog  algorithm  for  integrating 
particle  motion  under  space  charge  and  also  does  not  re¬ 
quire  any  more  evaluations  of  \k  than  does  a  naive  scheme 
assuming  static  fields.  Essentially,  the  field  coefficients  are 
propagated  from  old  to  new  values  by  using  the  replace¬ 
ments: 


2  O'kj 

„new 

akj 

+< 

(12) 

Asa'kj 

„ new 
akj 

-  <! 

(13) 

2Xk 

\k 

''new 

+  Ao*d 

(14) 

As(xky 

\k 

''new 

~  Kid, 

(15) 

in  Equation  (7)  with  As  =  cAt  .  In  such  a  scheme  one 
needs  a  “start-up  procedure”  and  the  simplest  is  to  assume 
that  Xkew  =  Xkld  before  the  first  time  step. 

3  EXAMPLES  AND  TESTING 

As  an  initial  test  of  these  formulae,  we  took  a  bunch  in  a 
machine  with  parameters  similar  to  the  original  PS  Booster 
at  50  MeV.  We  took  line  density  X((f> )  =  [1  —  (</>/L-)2]3 
with  (j>  —  i >z  and  L  =  1  radian  and  transverse  parameters 
p  =  0,  a  =  6  cm  in  a  pipe  of  radius  b  =  10  cm. 

3.1  Short  bunches 

Under  the  assumption  of  statics,  the  field  distribution  was 
calculated  according  to  equations  (7)  and  (10)  for  harmonic 
numbers  h  =  5  and  h  —  500  and  bunch  lengths  10  m  and 
10  cm,  respectively.  The  result  is  sketched  in  Figure  1. 
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Figure  1:  Comparison  of  (Ez)  for  long  (h  =  5)  and  short 
(h  =  500)  bunch  lengths. 

3.2  Statics  versus  dynamics 

In  order  to  see  the  dynamical  correction  to  the  static  field 
approximation,  the  bunch  was  displaced  0. 1  radian  during 
a  time  step  of  one  turn  (so  as  to  imitate  part  of  a  dipole 
oscillation)  and  the  field  calculated  with  and  without  the 
correction.  The  relative  fractional  error  incurred  by  ignor¬ 
ing  dynamical  effects  is  presented  as  a  mountain  range  plot 
in  Figure  2.  It  is  clear  that  the  errors  are  worst  at  the  head 
and  tail  of  the  bunch,  and  this  is  confirmed  in  the  transverse 
ensemble-average,  Figure  3,  with  peak  errors  of  about  10% 
in  narrow  regions.  However,  these  are  the  regions  with 
fewest  particles  and  so  there  is  probably  little  impact  on 
the  beam  dynamics  of  dipole  oscillations. 


Figure  2:  Comparison  of  relative  fractional  difference  of 
Ez(r,z),  computed  with  and  without  dynamical  correc¬ 
tions  to  the  static  approximation,  versus  cylindrical  coor¬ 
dinates  r,  z.  Vertical  scale  runs  from  —0.02  to  +0.24. 

3.3  Particle  tracking 

As  a  final  test,  the  new  space-charge  algorithm  was  in¬ 
stalled  in  the  computer  program  LONGlD[9].  The  evo¬ 
lution  of  a  proton  bunch  in  the  TRIUMF  KAON  Accu¬ 
mulator  ring  mis-matched  so  as  to  give  both  dipole  and 
quadrupole  oscillations  was  tracked  for  0.5  ms  (about  4000 


space-charge  time  steps)  with  and  without  the  dynamical 
correction.  The  450  MeV  A-ring  has  Rs  =  34  m  and 
h  =  45.  Tracking  of  5  x  104  macro-particles  showed  en¬ 
semble  characteristics  for  the  two  cases  to  differ  by  only 
l-to-2  parts  in  104. 

4  CONCLUSION 

We  have  described  a  new,  improved  longitudinal  space- 
charge  electric  field  calculation!  1 0]  for  particle  beams  with 
periodic  modulation  of  the  charge  density.  The  algorithm 
has  the  following  features: 

•  correct  for  short  or  long  bunches 

•  general  binomial  transverse  density  distribution 

•  transverse  ensemble  averaging 

•  field  is  solution  of  electrodynamics  problem  with  time 
varying  longitudinal  charge  density. 

The  algorithm  has  been  coded  in  Fortran  and  been  made  an 
option  of  the  particle  tracking  program  LONG1D.  In  early 
trials,  with  accumulator  and  booster-type  ring  parameters, 
the  dynamical  corrections  seem  to  be  of  little  importance 
for  dipole  and  quadrupole  mode  oscillations. 


RF  phase  (radian) 


Figure  3:  Comparison  of  relative  fractional  difference  of 
( Ez)(z )  computed  with  and  without  dynamical  corrections. 
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Abstract 

The  onset  of  the  growth  of  the  electron  beam  spot  due  to 
partial  charge  neutralization  by  ions  extracted  from  the 
target  plasma  has  been  predicted  by  theory  and 
simulation.  The  concept  of  an  electrically  self-biased 
target  was  developed  to  control  the  length  of  the  ion 
column  and  experiments  were  fielded  on  the  Integrated 
Test  Stand  (ITS)  for  the  Dual  Axis  Radiographic  Hydro 
Test  (DARHT)  facility  at  Los  Alamos  National 
Laboratory.  The  experimental  results  confirmed  the 
stability  of  the  spot  size  when  the  target  is  self-biased  at  a 
potential  of  350  kV.  Our  analyses  and  quantitative 
comparison  between  computer  simulations  and 
experiments  show  that  the  ions  generated  by  the  electron 
beam  were  from  target  materials  and  that  the  delay  for 
onset  of  the  spot  growth  was  governed  by  the  time  needed 
for  the  ionization  of  target  material  and  formation  of  the 
ion  column  with  sufficient  length. 

1  INTRODUCTION 

The  Dual  Axis  Radiographic  Hydro  Test  (DARHT) 
machine  uses  an  intense  electron  beam  of  4  kA  and  20 
MeV  to  produce  high  dose  radiation  with  small  spot  size 
for  radiography  of  dense  dynamic  objects.  However,  this 
combination  of  high  current  in  a  small  area  leads  to 
undesirable  effects  such  as  intense  local  energy  deposition 
from  the  high  intensity  electron  beam  causing 
vaporization  of  the  bremsstrahlung  target.  The  hot 
plasma  thus  generated  provides  a  copious  source  of 
positive  ions  that  are  rapidly  accelerated  into  the  negative 
potential  well  of  the  incoming  electron  beam.  As  the  ions 
propagate  upstream,  they  partially  charge  neutralize  the 
electron  beam.  The  carefully  designed  stable  propagation 
of  the  electron  beam  to  the  target  is  disrupted,  and  its  spot 
size  at  the  target  begins  to  increase.  As  the  ions  move 
further  upstream,  they  neutralize  an  ever-increasing 
length  of  the  electron  beam,  causing  its  spot  size  to 
diverge  [1,2].  For  the  last  two  years,  the  important 
physics  of  the  stability  of  the  radiation  spot  size  of  the 
DARHT  facility  has  been  under  intensive  study.  In  1997 
the  concept  of  an  electrically  self-biased  target  was 
developed  by  Kwan  and  his  colleagues  [3,4]  to  limit  the 
length  of  the  charge  neutralizing  ion  column,  which  leads 
to  the  increase  of  the  electron  beam  spot  on  the  target 
plane.  Shortly  thereafter  a  target  chamber  based  on  the 
self-biased  target  concept  was  designed  and  fielded  on  the 
Integrated  Test  Stand  (ITS)  at  Los  Alamos  National 
Laboratory  [5].  The  experimental  results  clearly 
confirmed  the  validity  of  the  theoretical  concept  and  the 


utility  of  the  design  to  achieve  stable  radiographic  spot 
throughout  the  electron  beam  pulse.  At  the  same  time,  the 
data  also  revealed  several  important  and  intriguing 
phenomena.  It  is  the  purpose  of  this  paper  to  provide  an 
interpretation  of  our  experiments  through  detailed 
analysis  and  quantitative  comparison  to  simulations.  The 
conclusions  from  our  study  show  that  the  ions  which 
cause  partial  neutralization  and  subsequently  lead  to  the 
increase  of  beam  spot  size  on  the  target  plane  are 
predominantly  coming  from  the  target  material  itself  and 
not  from  foreign  contaminants.  In  other  words,  the  ions 
are  singly-charged  ions  with  large  atomic  masses. 
Furthermore,  the  delay  for  the  onset  of  growth  of  the  spot 
size  observed  in  the  experiments  was  the  time  for  the 
electron  beam  to  deposit  enough  energy  to  cause 
ionization  of  target  materials  and  the  subsequent  growth 
of  the  ion  column  to  sufficient  length  for  strong  focusing 
of  the  electron  beam. 

2  EXPERIMENTAL  ANALYSIS 


The  target  experiments  were  fielded  on  the  ITS,  which  is 
the  injector  for  DARHT.  It  has  an  electron  beam  of 


Figure  1:  Experimental  layout  of  the  self-biased  target 
chamber 


energy  5.6  MeV  and  current  up  to  4  kA.  The  target 
chamber  is  shown  in  Fig.  1.  For  a  given  electron  beam 
current,  the  magnitude  of  the  self-biased  target  voltage 
can  be  chosen  by  selecting  a  desired  resistance  of  the 
liquid  radial  resistor  within  the  Rexolite.  The  electrical 
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resistance  can  be  readily  varied  with  the  change  of  the  salt 
concentration  of  the  sodium  thiosulphate  of  the  resistor. 
Consequently,  the  charge  deposited  by  the  electron  beam 
in  the  target  assembly  would  establish  a  bias  potential 
between  the  target  and  the  collimator.  An  emittance  filter 
was  used  in  the  beam  line  to  reduce  the  electron  current  to 
3.0  kA.  The  resistance  of  the  liquid  resistor  was  set  at 
145  ohms  and  6  ohms  for  two  experiments,  respectively. 
The  experimental  results  of  the  time  behavior  of  the  bias 
potential  and  electron  current  in  the  resistor  are  shown  in 
Fig.  2.  For  a  resistance  value  of  145  ohms,  a  bias 
potential  of  appoximately  350  kV  was  developed  to  trap 
the  ions  and  limit  their  axial  excursion  from  the  target. 
The  upper  part  of  Fig.  2  shows  the  electron  current  in  the 
liquid  resistor  during  the  experiment. 


100  140  180  220 


Time  (ns) 

Figure  2:  Experimental  results  of  the  electron  current  and 
voltage  through  the  145  ohms  resistor.  The  multiple 
traces  show  the  reproducibility  of  the  experiment. 


Figure  3:  Radiation  spot  size  obtained  from  the 
experiment.  The  slope  gives  the  radial  expansion  velocity 
of  1.08x1 0'2  cm/ns. 


In  Fig.  3,  we  show  the  experimental  results  of  the  time 
dependence  of  the  radiation  spot  size.  The  converter 
target  was  copper  and  had  a  thickness  of  0.76  mm.  We 
note  that  the  radiation  spot  size  stayed  constant 
throughout  the  beam  pulse  in  the  presence  of  the  bias 
potential.  However,  the  other  experiment  with  the  resistor 
set  to  a  very  low  value  of  6  ohms  produced  a  negligibly 
small  bias  potential  and  the  radiation  spot  started  to 
increase  after  about  40  ns  into  the  beam  pulse.  More 
importantly,  the  rate  of  expansion  of  the  electron  beam 
spot  size  on  the  target  plane  is  directly  related  to  the 
velocity  of  the  ions  moving  upstream.  Comparison  with 
simulations  with  different  species  of  ions  allows  us  to 
infer  the  particular  ion  species  present  in  the  experiment. 

3  COMPARISON  WITH  COMPUTER 
SIMULATIONS 

We  have  simulated  the  interaction  of  the  electron  beam 
with  the  converter  targets  in  the  ITS  experiments  using 
the  two-dimensional,  self-consistent,  fully  electro¬ 
magnetic,  relativistic  particle  code  Merlin.  The  radial 
resistor  was  modelled  in  the  r-z  simulations  as  a  vacuum 
diode  with  resistance  corresponding  to  different 
magnitudes  of  bias  voltage  generated  by  the  electron 
beam  to  confine  the  ions.  The  root-mean-square  (rms) 
radius  of  the  electron  beam  on  the  target  plane  was 
monitored  during  simulation.  Neglecting  the  diffusion  of 
beam  spot  due  to  electron  scatterings  in  the  converter 
target,  one  can  relate  the  rms  radius  of  the  electron  beam 
to  the  diameter  of  the  Los  Alamos  radiation  spot  size  by  a 
factor  of  3.76  [6].  Different  species  of  ions  were  used  in 
simulations  to  obtain  the  effect  on  the  growth  of  the 
radiation  spot  size  when  the  target  is  not  biased.  Figure  4 
shows  the  time  evolution  of  the  radiation  spot  from  the 
simulations  with  hydrogen  ions  with  and  without  the 
buildup  of  the  bias  potential  at  the  target.  The  bias 
potential  is  found  to  adequately  stabilize  the  spot  size 
whereas  the  spot  increases  in  size  without  the  bias. 
Figure  5  shows  the  temporal  dependence  of  the  bias 
potential  from  the  simulation,  which  attains  a  steady  value 
of  350  kV  after  the  rise  of  the  electron  beam  current.  The 
good  agreement  between  simulation  and  experiment 
confirms  the  concept  and  the  design  of  a  bias  target  for 
high  dose  radiographic  applications. 

In  the  absence  of  a  bias  potential,  the  ion  column 
continues  to  expand  and  therefore,  the  beam  spot  size  on 
the  target  increases.  The  radial  expansion  velocities  of 
the  radiographic  spot  can  be  obtained  from  experiment 
(Fig.  3)  and  simulation  (Fig.  4).  The  electric  potential, 
which  accelerates  the  ions  upstream,  is  determined  by  the 
space  charge  of  the  electron  beam.  Consequently,  the 
ratio  of 
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Figure  4:  The  electron  beam  diameter  on  the  target  plane 
from  simulations  with  hydrogen  ions. 


Time(ns) 

Figure  5:  Bias  Potential  and  electron  current  in  the 
resistor  as  obtained  from  the  simulation. 


the  velocities  of  different  species  of  ions  is  inversely 
proportional  to  the  ratio  of  the  square  root  of  the  masses. 
Hence,  we  have  (MI/M2f2  =  V2/Vh  where  M,  and  M2 
denote  the  masses  the  ions  species.  For  simplicity,  one 
can  rewrite  the  equation  in  terms  of  their  atomic  masses, 
(Al/A2)m  =  V-/V}.  The  radial  expansion  velocities  from 
the  simulations  with  different  ion  species  are  tabulated  in 
Table  1.  The  last  column  in  Table  1  gives  the  atomic 
mass  of  the  ions  in  the  experiment  as  inferred  from  the 
simulations.  The  prediction  is  consistent  with  the  target, 
which  was  copper  in  the  experiment. 


Table  1 :  Radial  expansion  velocities  and  ion  masses 


Vsim(cm/ns) 

^sim 

^expt 

H+ 

8.67xl0‘2 

l 

64.5 

C+ 

2.46xl0~2 

12 

62.3 

o+ 

2.18xl0'2 

16 

65.2 

Cu+ 

1.14xl0'2 

64 

70.5 

The  experimental  data  in  Fig.  3  show  the  onset  of  the 
increase  of  the  spot  size  occurred  at  40  ns.  This  delay 
time  is  due  in  part  to  the  time  for  vaporization  to  occur  at 
the  target  spot  and  in  part  to  the  time  for  the  target  ions  to 
form  a  column  more  than  a  quarter  of  the  betatron 
wavelength  of  the  electron  beam  near  the  target.  The 
fractional  pulse  length  x  of  the  electron  beam  needed  to 
deposit  enough  energy  to  create  sufficient  ionization  can 
be  calculated  according  to  X  =  sTya/(de/dx)Ih ,  where  s  and 
Th  are  the  specific  heat  and  the  boiling  temperature  of  the 
target  material,  repectively,  a  is  the  area  of  beam  spot,  Ih 
is  the  beam  current,  and  de/dx  is  the  energy  loss  of 
incident  electrons  in  the  target.  For  the  ITS  experiment,  x 
is  found  to  be  14  ns,  and  the  the  time  for  the  ion  column 
to  reach  3  cm  is  about  28  ns.  The  delay  time  is  then 
estimated  to  be  42  ns,  which  is  consistent  with  the 
experiment. 

4  CONCLUSIONS 

A  self-biased  target  fielded  on  the  ITS  experiments 
demonstrated  the  validity  of  concept  and  utility  of  the 
design.  A  self-biased  potential  of  350  kV  was  observed 
and  a  stable  spot  was  confirmed  in  the  experiment.  Good 
agreements  with  the  simulations  have  been  obtained. 
Furthermore,  comparisons  between  simulations  and 
experiments  show  that  the  ions  present  in  the  experiments 
were  from  the  target  material,  and  that  the  delay  time  for 
the  onset  of  the  spot  size  growth  was  due  to  the  time 
needed  for  target  ionization  and  the  formation  of  an  ion 
column  of  sufficient  length. 
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Abstract 

In  this  paper  we  present  a  study  of  beam  halo  based  on 
a  three-dimensional  particle-core  model  of  an  ellipsoidal 
bunched  beam  in  a  constant  focusing  channel.  For  an 
initially  mismatched  beam,  three  linear  envelope  modes 
-  a  high  frequency  mode,  a  low  frequency  mode  and  a 
quadrupole  mode  -  are  identified.  Stroboscopic  plots  are 
obtained  for  particle  motion  in  the  three  modes.  With 
higher  focusing  strength  ratio,  a  1 :2  transverse  parametric 
resonance  between  the  test  particle  and  core  oscillation  is 
observed  for  all  three  modes.  The  particle-high  mode  res¬ 
onance  has  the  largest  amplitude  and  presents  potentially 
the  most  dangerous  beam  halo  in  machine  design  and  op¬ 
eration.  For  the  longitudinal  dynamics  of  a  test  particle, 
a  1 :2  resonance  is  observed  only  between  the  particle  and 
high  mode  oscillation,  which  suggests  that  the  particle-high 
mode  resonance  will  also  be  responsible  for  longitudinal 
beam  halo  formation. 

1  INTRODUCTION 

The  physics  of  beam  halo  has  been  extensively  studied 
through  analytical  theory  and  multi-particle  simulations[l, 
2,  3,  4,  5,  6,  7,  8,  9,  10].  In  these  studies,  the  so-called 
particle-core  model  has  been  frequently  used.  This  model 
provides  insight  into  the  essential  mechanism  of  halo  for¬ 
mation  and  enables  estimates  of  the  extent  of  beam  halo. 
In  this  paper,  we  will  use  a  three-dimensional  particle-core 
model  with  a  nonlinear  rf  field  to  study  beam  halo  forma¬ 
tion  in  a  mismatched  ellipsoidal  bunched  beam.  Three  en¬ 
velope  modes  will  be  identified  and  their  effects  on  the  for¬ 
mation  of  beam  halo  through  a  parametric  resonance  with 
test  particles  will  also  be  studied  for  the  given  physical  pa¬ 
rameters. 


is  as  follows:  the  particle-core  model  is  described  in  Sec¬ 
tion  2,  the  linear  envelope  modes  are  discussed  in  Section  3, 
the  test  particle  dynamics  under  three  envelope  modes  is 
presented  in  Section  4,  and  the  conclusions  are  drawn  in 
Section  5. 


2  THREE-DIMENSIONAL 
PARTICLE-CORE  MODEL 


In  the  three-dimensional  particle-core  model,  the  beam 
consists  of  a  core  and  test  particles.  The  core,  which  con¬ 
tains  most  particles,  is  modeled  by  the  rms  envelope  equa¬ 
tions.  The  test  particles  contain  a  small  fraction  of  the 
beam  and  are  subject  to  the  effects  of  external  forces  and 
space  charge  forces  due  to  the  core.  The  effects  of  test 
particles  on  the  core  and  the  mutual  Coulomb  interactions 
among  test  particles  are  neglected.  The  bunched  core  is  as¬ 
sumed  to  have  a  uniform  charge  density  distribution.  Under 
the  smooth  approximation,  the  envelope  equations  for  the 
bunched  beam  including  nonlinear  rf  focusing  are: 


r x  3- kXQTx  Ix{rx  ,ry,rz,  0)rx 
ry  +  kyor'y  -  Iy(rx,ry,  rz,0)ry 

r"z  +  fczo/(rzK  “  lz(rx,ry,rz,0)rz 

with 


7-3 
'  X 

4 

r3 

'  y 

e2 

_£ 

7-3 


TyiTz,  s) 


c  r  _  - 

A  (e?  +  t)yj(r2  +  t)(r 2  +  t)(n2r2  + 1) 


0(1) 

0(2) 

0(3) 


(4) 


Bunch  Current  (A)  0. 1 

Protron  Energy  (MeV)  47 1 .4 

Synchronous  Phase  (degrees)  -30 

rf  Frequency  (M  Hz)  700 

Accelerating  gradient  (MV/m)  5.246 

Transverse  Phase  Advance  (degrees)  81 

Lattice  Period  (m)  8.54 


Transverse  RMS  Emittance  (7r-mm-mrad)  0.23 19 
Longitudinal  RMS  Emittance  (7r-deg-MeV)  0.42 


The  physical  parameters  of  the  beam  and  the  accelera¬ 
tor  are  given  in  Table  1[1 1].  The  organization  of  this  paper 

*  Work  supported  in  part  by  DOE  Grand  Challenge  in  Computational 
Accelerator  Physics. 

t  Email:  jiqiang@lanl.gov 


where  the  semi-axes  r,  are  related  to  the  RMS  beam  sizes 
a-i  by  rt  =  \/5a,,  e,  =  rx,ry,~frz  ( i  =  x,y,z),  and 
C  =  ufpW  Here’  e°  is  the  vacuum  Perme¬ 

ability,  q  is  the  charge,  me2  is  the  rest  energy  of  the  par¬ 
ticles,  c  is  the  vacuum  light  speed,  I  is  the  beam  average 
current,  frf  is  the  rf  bunch  frequency,  (3  =  v/c,  v  is  the 
bunch  speed,  and  7  =  1/ \/l  -  /?2.  The  quantities  kx0  and 
fcyo  are  the  transverse  betatron  wave  numbers  at  zero  cur¬ 
rent,  which  are  defined  as  ki o  =  ai0/L,  i  =  x,y,  under 
the  smooth  approximation  for  a  periodic  quadrupole  fo¬ 
cusing  element.  Here,  aw  is  the  zero-current  transverse 
phase  advance  per  focusing  period  L.  The  longitudinal 
synchrotron  wave  number  at  zero  current,  kz p,  is  defined 
as  kzo  =  2-nqEoT sin{-4>3) /j3(33mc2\,  where  E0T  is 
the  accelerating  gradient,  4>s  is  the  synchronous  phase,  and 
A  is  the  rf  wavelength.  The  function  f(rz)  in  the  envelope 
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equation  is  a  nonlinear  rf  focusing  factor  defined  in  Ref.  9. 
In  the  above  envelope  equations,  we  have  used  a  continu¬ 
ous  sinusoidal  wave  to  represent  the  average  effect  of  the 
synchronous  rf  space  harmonics  in  the  rf  gap  and  neglected 
the  acceleration  of  the  rf  field.  The  emittances,  tx,  ty,  and 
ez,  are  five  times  the  corresponding  RMS  emittances. 

The  equations  of  motion  for  a  test  particle  in  the  presence 
of  a  uniformly  charged  core  and  external  focusing  fields  are 


x" 

~t"  kx0x  Xr(t”x; 

ry,rz,s)x  - 

0 

(5) 

v" 

+  kloV  -  4(r*> 

ry,rz,s)y  = 

0 

(6) 

Az"  -1-  k^{cos(knAz  +  <ps)  - 

-  cos{(j)s)) 

-Iz(.rx,ry,rz,s)Az  = 

0 

(7) 

where  k$  =  qEoT /mc2f32')’3,  and 

l  the  parameter 

s  is 

zero 

for  a  particle  inside  the  core  and  is  determined  from  the 
root  of  the  equation 

x2  t/2  A  z2 
-2—  +  =  1  (8) 
r  ‘  +  s  r*  +  s  rj  +  s 

for  a  particle  outside  the  core.  These  coupled  nonlinear  or¬ 
dinary  differential  equations  are  solved  numerically  using 
a  leap-frog  algorithm. 

3  LINEAR  ENVELOPE  MODES 

The  steady  state  solution  of  the  envelope  equations  has 
three  components  which  define  the  stationary  core  size.  For 
a  mismatched  beam  three  linear  eigenmodes  of  the  core  en¬ 
velope  will  be  excited.  From  linear  perturbation  theory, 
we  can  find  the  eigenmodes  of  a  mismatched  core  oscilla¬ 
tion.  For  the  physical  parameters  given  in  Table  1 ,  we  get 
the  normalized  wave  number  1.945  for  the  high  frequency 
mode,  1.641  for  the  low  frequency  mode,  and  1.456  for  the 
quadrupole  mode. 

To  investigate  the  possible  resonance  between  the  test 
particle  and  the  mismatched  core  oscillation,  we  calculated 
the  evolution  of  the  ratio  of  the  possible  test  particle  wave 
numbers  to  the  mismatched  mode  wave  number  as  a  func¬ 
tion  of  current  with  all  the  other  physical  parameters  given 
in  the  Table  1  fixed.  The  results  for  the  transverse  betatron 
motion  is  given  in  Fig.  1 .  It  shows  that  a  1 :2  resonance  be- 


I  {*) 


Figure  1:  The  ratio  of  particle  betatron  wave  number  to 
mode  wave  number  as  a  function  current 


tween  the  test  particle  and  low  mode  and  quadrupole  mode 
is  always  excited.  For  the  high  mode,  the  1:2  resonance 
is  excited  when  the  current  exceeds  40  mA  At  a  current 
of  100  mA,  as  in  the  present  APT  design,  the  1:2  reso¬ 
nance  between  the  betatron  motion  of  test  particles  and  all 
three  mismatch-modes  is  excited.  Fig.  2  shows  the  evolu¬ 
tion  of  the  ratio  between  the  wave  number  of  the  particle 
synchrotron  motion  and  the  wave  number  of  the  high  mode 
and  low  mode.  Here,  the  1 :2  resonance  between  the  test 


MA) 

Figure  2:  The  ratio  of  particle  synchrotron  wave  number  to 
mode  wave  number  as  a  function  current 

particle  and  high  mode  is  excited  with  current  greater  than 
60  mA.  The  1 :2  resonance  between  the  particle  and  the 
low  mode  is  only  excited  with  a  current  greater  than  230 
mA. 

4  TEST  PARTICLE  DYNAMICS  UNDER 
THREE  ENVELOPE  MODES 

For  the  mismatched  core,  three  linear  modes  can  be  excited. 
When  the  ratio  of  the  test  particle  wave  number  to  the  core 
envelope  mode  wave  number  is  rational,  the  resonance  be¬ 
tween  the  test  particle  and  core  will  be  excited.  Among 
these  resonances,  the  1 :2  resonance  is  what  we  are  most  in¬ 
terested  in.  This  is  because  this  low  order  resonance  will 
have  the  large  oscillation  amplitude  and  is  generally  be¬ 
lieved  to  be  responsible  for  the  presence  of  beam  halo.  To 
understand  the  potential  effects  of  these  envelope  modes  on 
the  test  particle  dynamics  and  beam  halo  formation,  we  use 
stroboscopic  map  to  study  the  test  particle  dynamics  with 
only  one  envelope  mode  excited  each  time.  Fig.  3  (a)  shows 
the  stroboscopic  plot  of  test  particle  dynamics  in  the  x-px 
plane  under  high  mode  envelope  oscillation  with  20%  ini¬ 
tial  transverse  mismatch.  Fig.  3  (b)  shows  a  similar  plot  of 
test  particle  dynamics  in  the  x  -  px  plane  under  the  low 
mode.  Fig.  3  (c)  shows  the  same  plot  for  the  quadrupole 
envelope  oscillation.  The  peanut  structure  in  the  x  -  px 
plane  suggests  that  the  1 :2  resonance  between  the  test  par¬ 
ticles  and  the  core  envelope  oscillation  could  be  excited 
for  all  three  modes.  In  Fig.  4  (a)  and  (b),  we  show  the  stro¬ 
boscopic  plots  of  the  resonance  between  the  synchrotron 
particle  motion  and  the  high  envelope  mode  and  low  enve¬ 
lope  mode  in  the  longitudinal  Az  -  A pz  plane.  In  this  case, 
the  1 :2  resonance  is  present  only  for  the  high  mode  in  the 
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Figure  3:  Stroboscopic  plot  of  x  —  px  for  high  mode,  low 
mode  and  quadrupole  mode  with  0.2  mismatch. 

longitudinal  phase  space. 

5  CONCLUSIONS 

In  the  above  study,  we  have  used  a  three-dimensional 
particle-core  model  to  study  beam  halo  in  a  mismatched 
ellipsoidal  bunched  beam.  Three  linear  envelope  modes,  a 
high  frequency  mode,  a  low  mode  and  quadrupole  mode, 
are  identified.  The  1:2  transverse  resonances  are  present 
between  the  test  particle  and  all  three  envelope  modes. 
Among  the  three  transverse  particle-core  resonances,  the 
high  mode  presents  the  greatest  potential  danger  for  the 
machine  design  and  operation  due  to  its  large  transverse 
resonance  amplitude.  The  high  mode  resonance  also  dom¬ 
inates  the  longitudinal  1 :2  resonance  which  contributes  to 
the  formation  of  longitudinal  beam  halo. 


Figure  4:  Stroboscopic  plot  of  Az  —  A pz  for  high  mode 
and  low  mode  with  0.2  mismatch. 

at  the  Los  Alamos  Advanced  Computing  Laboratory  and 
T3E  at  the  National  Energy  Research  Scientific  Computing 
Center. 
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Abstract 

This  work  is  an  attempt  to  explore  possible  techniques 
to  graphically  display  the  dynamics  of  halo  particles 
for  a  mismatched  beam  in  a  periodic-focusing  lattice. 
It  is  found  that  by  using  the  particle-core  model 
and  a  suitable  change  of  the  phase-space  variables, 
stroboscopic  plots  similar  to  those  made  for  the 
uniform-focusing  channel  can  be  created  by  strobing 
at  the  frequency  of  the  core  oscillation.  This 
method  does  not  require  any  smooth  approximation 
to  reduce  the  flutter  due  to  the  periodic  focusing, 
and  it  is  not  limited  by  the  constraint  that  the 
core-oscillation  frequency  has  to  be  a  subharmonic 
of  the  focusing  frequency.  The  discussion  will  cover 
the  applications  to  both  the  axisymmetric  and  the 
quadrupole- focusing  channels.  It  is  also  found  that, 
similar  to  the  continuous-focusing  system,  the  motion 
of  halo  particles,  although  focused  by  the  externally 
applied  periodic  field,  is  strongly  influenced  by  a 
parametric  resonance. 

1  INTRODUCTION 

The  particle-core  model  has  successfully  explained 
the  dynamics  of  particles  in  the  beam  halo  of  a 
mismatched  beam  propagating  through  a  uniform- 
focusing  channel. [1-12]  The  simplicity  of  the  model 
makes  it  possible  to  mathematically  analyze  the 
motion  of  a  particle  in  the  beam  halo  and  provides 
a  graphic  picture  using  the  stroboscopic  plot  made 
on  the  phase  plane  of  a  test  particle.  However, 
when  attempting  to  apply  the  same  model  and 
method  to  a  beam  propagating  through  a  periodic- 
focusing  channel,  one  encounters  difficulties  both  in 
mathematical  analyses  and  in  making  the  stroboscopic 
plots.  The  main  cause  of  these  difficulties  is  the  flutter 
in  the  beam  envelope  and  the  particle  orbit  introduced 
by  the  varying  focusing  field. 

In  this  paper,  we  will  show  that  by  using 
appropriate  phase-space  variables  and  by  strobing  at 
the  frequency  of  the  core  oscillation,  the  flutter  due  to 
the  periodic  focusing  can  be  greatly  reduced.  This 
method  works  best  when  the  beam  current  is  not 
very  high,  but  it  is  also  applicable  to  a  wide  range 
of  parameter  values.  We  will  first  introduce  the  new 
phase-space  variables;  then  we  will  present  the  method 
and  discuss  the  application  of  this  new  approach  to 
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a  quadrupole- focussing  system.  Numerical  examples 
will  be  given  for  a  core  with  a  Kapchinskij-Vladmirskij 
(KV)  distribution  of  beam  particles.  The  emphasis 
in  this  paper  is  to  introduce  the  method.  More 
studies  using  this  approach  will  be  reported  in  other 
publications. 


2  THE  PARTICLE-CORE  MODEL 

We  consider  a  theoretical  model  which  has  a  test 
particle  and  a  continuous  beam  (the  core)  propagating 
in  a  periodic-focusing  channel.  We  consider  a  core  with 
a  KV  distribution  of  particles.  The  linear  transverse 
focusing  force  is  assumed  to  vary  in  the  axial  direction 
(the  z-direction)  according  to  GF(kz)  where  G  is 
the  maximal  gradient  of  the  focusing  (or  defocusing) 
strength,  F(kz )  is  a  periodic  function  of  z,  and  k  is 
the  wave-number  of  the  periodic-focusing  system.  The 
maximum  of  \F(kz)\  is  assumed  to  be  one. 

We  consider  the  axisymmetric  focusing  case  first. 
Using  the  variable  r  =  kz,  the  equations  of  motion  for 
the  beam  envelope  and  the  test  particle  are: 


d2X  ,  7?  1 

+  Q  F(r)  ~X~X3=° 


d2x 
dr 2 


rjx/X2 

T]/X  , 


for  x  <  X  , 
for  x  >  X  , 


(1) 

(2) 


respectively,  where  x  =  xry/k/e,  X  —  Xry/kjt,  xr  is 
the  transverse  displacement  of  the  particle  from  the 
symmetry-axis  of  the  beam,  Xr  is  the  beam  envelope, 
Q2  =  qG/(mo'yv2k2),  rj  =  ql/(2ire0mol3v3ke),  and 
L  =  Lr/(m o7ue);  q,  mo,  and  Lr  are  the  charge,  the 
rest  mass,  and  the  angular  momentum  of  the  test 
particle,  respectively;  7  is  the  relativistic  mass  factor, 
v  is  the  axial  speed  of  beam  particles,  I  is  the  beam 
current,  eo  is  the  permittivity  of  free  space,  and  e  is 
the  unnormalized  total  beam  emittance. 

We  now  introduce  a  set  of  new  variables  defined  by 

u  =  x/X  ,  (3) 

w  =  X2(du/dr)  =  X(dx/dr)  —  x(dX/dr) ,  (4) 

ue  -  Xm/X  ,  (5) 

and 

we  =  X2{due/dT)  =  X{dXm/dr)-Xm(dX/dT) ,  (6) 

where  the  subscript  m  is  for  a  matched  core.  Rewriting 
Eqs.  (1)  and  (2)  using  these  new  variables,  we  find  that 
these  equations  then  depend  explicitly  on  X  instead 
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of  F(kz).  Results  from  both  numerical  experiments 
(see  Fig.  1  below)  and  perturbation  calculations  show 
that  the  flutter  in  u  and  w  is  smaller  than  that  in 
x  and  dx/dr.  One  can  also  prove  that  the  change 
of  variables  from  (x,  dx/dr)  to  (u,  w)  is  a  canonical 
transformation,  and  for  particles  inside  the  phase- 
space  ellipse  of  the  beam  core,  the  new  Hamiltonian 
is  a  constant  of  motion  with  respect  to  the  time  s 
(defined  by  ds  —  dr/X2).  For  particles  outside  the 
ellipse,  the  Hamiltonian  is  time-dependent  and  is  non- 
integrable. 

The  proposed  approach  here  is  to  study  the 
particle  dynamics  in  the  phase  space  of  ( u,w )  and  to 
make  the  stroboscopic  plot  by  taking  snapshots  of  the 
particle’s  phase  space  at  a  certain  fixed  value,  say, 
the  maxima  or  the  minima,  of  ue.  Numerical  results 
have  shown  that  the  oscillation  frequency  of  ue  is  not 
constant  in  the  periodic-focusing  case,  and  strobing  at 
constant  period  creates  larger  spread  of  points  in  the 
stroboscopic  plots.  Note  that  in  Eqs.  (3)  and  (4),  one 
can  also  choose  to  normalize  to  Xm  in  place  of  X  to 
minimize  the  flutter  in  u  and  w. 

In  quadrupole-focussing  channels,  the  equations 
of  the  beam  envelope  and  particle  motion  in  the  x- 
direction  are 


and 


d2x  ,  o2XFM  -  2fl  _  =  n 

dT2  +  <2  XF(  )  x  +  Y  X 3  ° 

d2x  I  Q2xF(t)  -  2f>X 
dr2+Q  ()  Ex(Sx+Ey)  ’ 


(7) 

(8) 


respectively,  where  X  =  Xr\/rk,  Y  =  Yry/k ,  Xr  and 
Yr  are  the  beam  envelopes  in  the  x-  and  ^-directions, 
respectively,  x  =  xr\/k,  xr  is  the  displacement  of  the 
beam  particle  in  the  x-direction  from  the  beam  axis, 
fj  =  ql / (2neomo'y3v3 k) ,  ex  is  the  beam  emittance  in 
the  x-direction,  Ex  =  yj X2  +  £,  Ey  =  yjY2  4-  £,  £  =  0 
when  the  particle  is  inside  the  beam,  and  £  is  given  by 
the  solution  of  the  equation  (x/Sx)2  +  (y/Sy)2  =  1, 
when  the  particle  is  exterior  to  the  beam,  y  =  yrVk, 
and  yr  is  the  excursion  of  the  beam  particle  in  the  y- 
direction  from  the  beam  axis.  The  equations  for  the 
beam  envelope  and  particle  motion  in  the  y-direction 
are  similar.  To  generalize  our  method  developed 
for  axisymmetric  systems  to  a  quadrupole-focussing 
system,  one  can  use  the  variables  defined  according 
to  ux  =  x/X,  wx  =  X(dx/dr)  —  x(dX/dr),  uex  = 
Xm/X,  wex  =  X(dXm/dT)  —  Xm(dX /dr),  and  similar 
definitions  for  the  y-direction  variables.  Since  both 
the  beam  envelope  and  the  test  particle  now  have  two 
degrees  of  freedom,  only  the  stroboscopic  plots  made 
for  some  special  cases  can  be  deciphered  easily.  Thus, 
we  have  to  consider  the  x-  and  y-motion  of  the  particle 
separately  by  setting  one  of  the  coordinates  to  zero, 
e.g.  y  =  0  and  dy/dr  =  0.  Besides,  in  addition  to 
the  breathing  mode,  the  beam  envelope  can  now  also 


oscillate  in  a  quadrupole  mode.  Since  the  frequencies 
of  these  two  modes  are  very  close,  even  when  the  test 
particle  is  limited  to  have  only  one  degree  of  freedom, 
it  still  may  resonate  with  either  one  or  a  combination 
of  these  two  envelope  modes. 

3  NUMERICAL  EXAMPLES 

Figure  1  presents  an  example  of  a  periodic-focusing 
channel  showing  that  the  flutter  is  less  in  u  than  in  x  . 
The  case  studied  is  an  axisymmetric  focusing  channel 
with  F(t)  =  cost,  and  Q2  —  0.31966.  At  zero  beam 
current,  the  betatron  phase  advance  of  a  beam  particle 
is  90°  per  period.  At  full  beam  current,  y  =  0.206 
corresponding  to  a  depressed  phase  advance  of  60° 
per  period  for  particles  inside  of  the  matched  core. 
The  initial  values  are:  u  =  1.23491,  X  =  3.34883, 
ue  =  1/0.9,  w  =  dX/dr  =  0,  and  Lr  =  0. 


Fig.  1.  The  orbit  x  and  the  quantity  u  of  a  particle 
in  a  mismatched  beam.  The  parameter  values  are 
described  in  the  text. 


u 

Fig.  2.  The  stroboscopic  plot  of  the  particle’s  position 
on  the  phase  plane  of  u  and  w,  where  the  same 
parameter  values  considered  in  Fig.  1  were  used  in 
the  computation. 

Figure  2  shows  a  typical  stroboscopic  plot  for 
one  particle  constructed  by  strobing  at  every  local 
minimum  of  ue,  where  the  same  focusing  channel  and 
beam  conditions  in  Fig.  1  are  considered.  The  initial 
position  of  the  test  particle  is  ( u,w )  =  (1.28776,0)  in 
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the  phase  space.  In  the  figure,  we  see  points  scattered 
near  an  invariant  curve  in  the  Poincare  plot  for  the 
smoothed  uniform-focusing  channel.  Figure  2  suggests 
that  in  this  particular  case,  the  averaged  particle 
motion  is  in  resonance  with  the  core  oscillation,  and 
the  orbit  of  the  particle  could  be  quasi-periodic  or 
almost-periodic.  The  scattering  of  points  is  a  general 
feature  for  particles  outside  the  phase-space  ellipse  of 
the  beam  core.  This  is  because  a  stroboscopic  plot 
made  for  a  particle  in  the  periodic-focusing  system  is 
actually  the  projection  of  a  higher  dimensional  “plot” 
onto  the  two-dimensional  plane.  [13]  As  the  particle 
approaches  toward  to  the  beam  ellipse,  the  dispersion 
of  the  strobed  points  decreases.  For  a  particle  inside 
the  phase-space  ellipse  of  the  core,  the  strobed  points 
fall  exactly  on  an  invariant  circle  as  expected. 


% 


Fig.  3.  Stroboscopic  plot  showing  the  resonance  of 
a  halo  particle  with  the  breathing  mode  oscillation  of 
the  beam  envelope  in  a  quadrupole-focusing  channel. 


Fig.  4.  Stroboscopic  plot  showing  the  resonance  of  a 
halo  particle  with  the  quadrupole  mode  oscillation  of 
the  beam  envelope  in  a  quadrupole-focusing  channel. 

Examples  of  stroboscopic  plots  for  a  quadrupole- 
focusing  channel  are  shown  in  Figs.  3  and  4  for  a 
particle  in  resonance  with  the  breathing  mode  and 
the  quadrupole  mode  of  the  envelope  oscillation, 
respectively.  The  focusing  and  the  beam  parameters 
considered  in  these  examples  are:  F(t)  =  cos(r), 
ex  =  =  e  =  1,  Q2  =  3.198,  and  fj/e  =  0.2502.  These 


parameter  values  correspond  to  a  tune  depression  from 
90°  to  70°  for  a  particles  inside  the  matched  beam. 
The  initial  conditions  used  are:  uex  =  uey  —  0.9, 
ux  k.  1.26004,  for  Fig.  3,  and  uex  =  0.9,  uey  =  1.1, 
ux  «  1.08235,  for  Fig.  4;  wex  =  wey  =  wx  =  uy  = 
wy  =  0  for  both  figures. 

4  CONCLUSIONS 

A  new  method  has  been  developed  to  use  the 
particle-core  model  for  studying  the  dynamics  of  halo 
particles  in  a  mismatched  continuous-beam  propaga¬ 
ting  through  a  periodic-focusing  channel.  It  was 
shown  that  by  applying  appropriate  transformations 
of  phase-space  variables  and  by  strobing  at  the 
frequency  of  the  core  oscillation,  one  is  able  to  create 
stroboscopic  plots  similar  to  the  Poincare  plots  made 
for  particles  in  a  uniform-focusing  channel.  This 
method  is  applicable  to  a  wide  range  of  parameter 
values  without  using  any  smooth  approximation,  and 
it  is  not  limited  by  the  constraint  that  the  frequency  of 
core  oscillation  must  be  commensurable  with  that  of 
the  focusing  lattice.  Numerical  examples  were  given  to 
illustrate  the  method  by  considering  a  beam  with  a  KV 
distribution  and  an  axisymmetric  cosine  transverse- 
focusing  force.  We  have  discussed  the  possibility 
of  extending  this  method  to  some  limited  cases  in 
periodic  quadrupole-focusing  systems.  It  was  also 
shown  that,  in  spite  of  the  complications  brought  in 
by  the  non-linear  oscillations  of  the  system,  the  motion 
of  a  halo  particle  is  still  strongly  influenced  by  the  re¬ 
sonance  between  motions  of  the  particle  and  the  core. 
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Abstract 

We  studied  bounded  thermal  equilibrium  of  Vlasov- 
Maxwell  in  space  charge  dominated  beams.  These  meta¬ 
equilibrium,  which  have  a  life  time  smaller  than  the  short- 
range  collision  time  and  are  in  the  region  of  the  transit 
time  in  a  Linac,  can  be  used  efficiently  to  avoid  or  to 
control  the  halo  generation.  Therefore,  it  is  fundamental  to 
understand  their  inner  structure,  and  to  analyze  the  basic 
mechanisms  which  can  drive  the  beams  to  such 
equilibrium,  or  explain  the  way  some  known  processes 
can  contribute  to  their  destruction. 

1  INTRODUCTION 

In  the  development  of  new  accelerators  requiring  intense 
ion  beams  (40-150  mA),  for  the  industrial  production  of 
tritium  (APT,  TRISPAL),  for  the  generation  of  neutron 
intense  sources  (ESS)  or  the  nuclear  waste  transmutation, 
the  activation  problem  of  the  structures  is  crucial. 

It  is  generally  admitted  that  beam  losses  must  be  below  1 
ppm,  and  comes  from  a  peculiar  profile  of  the  radial  beam 
density  which  goes  very  far  and  arrives  to  touch  the  walls; 
this  profile  is  called  “halo”,  to  give  the  precise  idea  of  a 
central  core,  surrounded  by  a  diffuse  tail  [5], 

For  a  better  understanding  of  the  halo  formation,  we 
limited  our  study  to  a  continuous  beam,  and  to  the  part  of 
the  machine  where  the  beam  can  effectively  activate  the 
walls  (5-1000  MeV);  this  part  going  from  the  DTL 
entrance  to  the  CCL  output,  is  represented  by  an  axi- 
symetric  focusing  channel. 

In  these  conditions,  where  the  vacuum  is  good  (10'5  -10'7 
torr),  the  beam  is  governed  by  the  Vlasov-Maxwell  system 
of  equations  which  has  theoretically  a  lot  of  mathematical 
solutions,  like  the  Maxwellian  which  is  not  bounded,  or 
some  Meta-equilibria  [1]  which  depend  of  the 
Hamiltonian  and  are  bounded  in  the  phase-space. 

This  propriety  is  interesting  because  we  can  hope  that  if 
the  beam  has  not  a  maxwellian  profile  at  the  DTL 
entrance,  it  might  be  transported  with  a  bounded  profile. 
But  things  begin  to  be  wrong,  when  we  try  to  determine  if 
the  beam  converges  really  to  one  of  these  probable 
equilibrium  states. 

Firstly,  in  the  absence  of  a  residual  gas,  beam  particles  do 
not  undergo  elastic  and  inelastic  binary  collisions  which 
could  give  them  a  thermal  component. 

Secondly,  it  is  easy  to  verify  that  the  Hamilton-Maxwell 
equations  which  govern  the  particle  motion  are 
deterministic  and  apparently  invariant  with  time 
reversibility. 


Figure  1  :  ergodicity  test  with  parameters  ro=3mm, 
ri=0.6,  p  =0.88,  N=20;  fig  l.a  represents  (v2)#  for  the 
whole  beam  and  fig  l.b  represents  (v2-(v2)#)#  for  the 
resonance  basin  V2. 

In  these  conditions  is  it  reasonable  to  imagine  or  to  hope 
that  the  beam  can  relax  to  a  macroscopic  equilibrium 
following  an  irreversible  way? 

This  is  a  forty  years  old  discussion  [1-2-3],  and  answers  to 
this  question  are  not  straightforward,  because  in  the 
absence  of  binary  collisions,  the  non-linearities  become 
predominant  in  the  Vlasov-Maxwell  or  Hamilton-Maxwell 
equations,  and  complicate  considerably  the  analyze  of  the 
problem. 

In  the  following  sections,  we  present  some  ideas  which 
could  help  to  clarify  the  discussion  about  topics  like  beam 
“irreversibility”,  “ergodicity”,  “mixing”,  and  finally 
“stability”. 
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2  IRREVERSIBILITY 

Practically,  the  time  reversibility  of  a  dynamical  system  is 
not  trivial  to  obtain  without  a  large  energy  expense:  the 
charged  particle  number  is  so  large  that  it  is  out  of  mind  to 
achieve  the  motion  control  of  each  particle  at  microscopic 
level,  and  then  to  proceed  a  reversible  flash-back  of  the 
beam  to  its  previous  macroscopic  state. 

Therefore,  the  beam  evolution  is  really  time  irreversible, 
even  if  the  particle  motion  is  deterministic;  now,  we  have 
an  indication  of  the  time  irreversibility,  but  we  do  not 
know,  if  the  dynamical  system  is  chaotic  or  if  it  can  be 
described  by  a  macroscopic  state  which  verifies  the 
statistic  laws  and  more,  if  the  dynamical  system  converges 
to  a  unique  macroscopic  equilibrium  state. 

Krilov  [10-11]  studied  this  problem  and  concluded  that, 
for  the  rapid  establishment  of  any  macroscopic  state  the 
system  must  be  “ergodic”,  but  for  the  relaxation  to  a 
unique  macroscopic  state  the  system  must  be  “mixing”. 

3  ERGODICITY 

The  concept  of  ergodicity  is  introduced  each  time  it  is 
tried  to  split  a  system  in  sub-domains  independent  from 
the  dynamic  viewpoint. 

In  each  sub-domain,  we  must  verify  the  ergodic  theorem 
proposed  by  Birkhoff  [11]  :  the  time  average  (G)#  of  any 
defined  observable  is  equal  to  the  space  average  <G>  of 
the  same  observable;  in  fact,  there  is  a  less  restrictive 
version  of  this  theorem,  which  shows  that  in  general  the 
time  average  exists  nearly  anywhere  in  the  concerned  sub- 
domain  and  is  distributed  around  the  space  average. 

We  verified  the  ergodicity  concept  using  a  PCM[4]  code, 
and  calculating  the  time  average  of  the  squared  velocity 
(v2)#  of  the  sampled  particles,  during  N  core  oscillations. 
We  find  first  in  fig  l.a  that  the  beam  is  not  ergodic  as  a 
whole,  but  it  can  be  split  in  separated  sub-domains  which 
correspond  exactly  to  the  resonances  1/2,  1/3,  1/4,...  [6]. 
In  any  sub-domains,  the  phenomena  are  blurred  by  the 
periodic  motion  associated  to  the  core-breathing;  this 
problem  can  be  easily  avoided  by  calculating  the  time 
average  of  an  observable  like  the  temperature  (v2-(v2)#)#. 

In  each  basin  of  resonances  (1/2  for  example),  the  phase 
space  sub-domain  is  limited  by  bundles  of  invariant  torus 
(KAMI  and  KAM2  -  figure  2. a);  the  complementary  part 
contains  stochastic  particles  and  resonances  and  its  size 
increases  with  the  perturbation. 

The  results  (see  figure  l.b)  are  very  surprising,  because 
we  find  that  all  the  components  of  the  resonance  basin  are 
ergodic  :  these  results  are  in  accord  with  the  PCM  code, 
but  are  not  realistic,  and  might  be  considered  with  care; 
even  if  the  PCM  code  helps  greatly  in  this  analyze,  we 
touch  there  one  of  the  limits  of  this  code  :  the  Landau 
damping  is  not  reproduced. 

Therefore,  the  results  are  true  for  the  KAM  surfaces  and 
the  chaotic  particles,  but  are  false  for  the  resonances 
which  carry  the  energy  of  perturbation  and  might 
disappear  with  time,  by  Landau  damping. 


Now,  if  we  forget  the  resonances,  figure  l.b  gives  an  exact 
description  of  the  ergodic  components  in  each  basin  if 
attraction;  the  beam  is  split  in  ergodic  and  embodied  sub- 
domains,  which  are  limited  by  KAM  surfaces  and  contain 
chaotic  particles... 


4  MIXING 


The  mixing  is  generally  very  difficult  to  prove  rigorously, 
but  it  is  often  associated  with  non-linear  interactions 
which  transform  the  phase  space  as  a  “backer  rolling”; 
thus  the  Vlasov-Maxwell  and  Hamilton-Maxwell 
equations  have  two  important  proprieties  : 

-an  extrem  sensibility  versus  weak  perturbations  of  the 
forces  or  small  changes  in  initial  conditions,  and  even  the 
existence  of  parametric  instabilities, 

-quasi-periodical  and  ellipsoidal  trajectories  in  the  phase 
space  which  still  increase  the  mixing  rapidity,  since  the 
same  particle  can  travel  alternatively  in  the  core  and  in  the 
tail  of  the  beam. 


r 

Figure  2  :  mixing  test  with  parameters  r0=3mm,  r|=0.6, 
p  =0.88;  fig  2.a  represents  the  initial  perturbation  and 
fig  2.b  gives  (r-r’)  for  N=20. 
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We  verified  the  mixing  propriety  in  the  resonance  basin 
1/2;  the  initial  perturbation  is  a  violent  cutoff  of  the  phase 
space  done  by  a  scraper  and  is  represented  in  figure  2.a. 
We  can  observe  in  figure  2.b,  the  rapid  reconstruction  of 
the  sub-domain  and  we  must  conclude  that  a  local 
equilibrium  exists  in  this  sub-domain;  this  could  be 
verified  for  all  sub-domains,  and  we  would  find  the  same 
result  for  each  of  them. 

Therefore,  the  beam  does  not  relax  to  a  unique 
equilibrium  state,  but  it  is  continuously  in  balance 
between  local  and  self-similar  equilibrium  which  are  very 
stable  and  strong. 

5  DISCUSSION 

From  the  preceding  studies  about  ergodicity  and  mixing, 
two  classes  of  organized  structures  appeared  : 

-the  static  structures,  or  KAM  surfaces,  which  limit  self  - 
similar  sub-domains  in  the  phase  space, 

-the  dynamical  structures,  or  the  resonances,  the 
hyperbolic  fixed  points,...,  which  exist  potentially  in  each 
sub-domain,  and  depend  directly  of  the  space  charge  r| 
and  the  perturbation  (i  parameters  [5]. 

This  drives  finally  to  very  simple  notions  : 

-a  charged  particle  beam  can  be  described  by  a  balance 
between  many  self-similar  local  equilibrium, 

-these  local  equilibrium  have  a  fractal  structure  that  we 
can  find  in  the  phase  space,  position  and  Fourier  spaces, 
-the  fractals  are  governed  by  scale  invariants  which 
depend  directly  from  the  system  parameters. 
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Figure  4  :  stability  graph  as  a  function  of  th3 

space  charge  r)  and  the  mismatch  p.  parameters. 

Now,  we  know  that  these  local  equilibrium  are  strong  and 
rapidly  constituted  and  we  can  calculate  their  stability 
domain  (figure  4). 

As  long  the  beam  stays  in  its  stability  domain,  the  balance 
between  local  equilibrium  is  respected,  and  all  is  right;  but 
this  does  not  signify  that  the  balance  is  indes-tructible! 

If  we  try  to  transport  the  beam  in  conditions  which  are  out 
off  its  stability  domain,  this  one  will  try  to  reorganize 
itself  to  achieve  a  new  balance  of  local  equilibrium  : 

-if  this  new  situation  exists  in  the  machine,  the  beam  will 
suffer  an  emittance  growth,  but  it’s  all  ! 

-if  this  new  situation  does  not  exist,  the  beam  will  try  to 
reorganize  itself  continuously,  and  will  touch  finally  the 
walls  of  the  machine. 


Instable 

halo 


stable 

irreversible 
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reversible 
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From  these  considerations,  scale  invariants  and  density 
profiles  were  calculated  analytically,  at  equilibrium(p=l) 
and  as  a  function  of  the  space  charge  T|  (figure  3). 
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function  of  the  space  charge  parameter  T|. 
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Abstract 

Nonlinear  dynamics  deals  with  parametric  resonances  and 
diffusion,  which  are  usually  beam-intensity  independent 
and  rely  on  a  particle  Hamiltonian.  Collective  instabilities 
deal  with  beam  coherent  motion,  where  the  Vlasov  equa¬ 
tion  is  frequently  used  in  conjunction  with  a  beam-intensity 
dependent  Hamiltonian.  We  address  the  questions:  Are  the 
two  descriptions  the  same?  Are  collective  instabilities  the 
results  of  encountering  parametric  resonances  whose  driv¬ 
ing  force  is  intensity  dependent?  The  space-charge  domi¬ 
nated  beam  governed  by  the  Kapchinskij-Vladimirskij  (K- 
V)  envelope  equation  [1]  is  used  as  an  example. 

1  INTRODUCTION 

Traditionally,  the  thresholds  of  collective  instabilities  are 
obtained  by  solving  the  Vlasov  equation,  the  dynamics 
of  which  comes  from  a  wakefield-dependent  Hamiltonian. 
The  unperturbed  beam  distribution  is  computed  using  the 
unperturbed  part  of  the  Hamiltonian  H0,  which  takes  care 
of  the  mean  field  and  potential-well  distortion.  The  pertur¬ 
bation  distribution  is  obtained  by  solving  the  Vlasov  equa¬ 
tion  that  involves  the  perturbation  Hamiltonian  AH\.  The 
Vlasov  equation  is  often  linearized  so  that  the  modes  of 
collective  motion  can  be  described  by  a  set  of  orthonor¬ 
mal  eigenfunctions  and  the  corresponding  complex  eigen¬ 
values  give  the  initial  growth  rates.  AH\  may  have  a  time- 
independent  component,  for  example,  the  part  involving  the 
nonlinear  magnetic  fields,  that  gives  rise  to  the  dynamical 
aperture  limitation.  It  may  also  have  a  time-dependent  com¬ 
ponent,  which  includes  the  effects  of  wakefields  and  pro¬ 
duces  coherent  motion  of  beam  particles.  The  harmonic 
content  of  the  wakefields  depends  on  the  structure  of  ac¬ 
celerator  components.  If  one  of  the  resonant  frequencies  of 
the  wakefields  is  equal  to  a  fractional  multiple  of  the  unper¬ 
turbed  tune  of  Ho,  a  resonance  is  encountered  and  coherent 
particle  motion  is  introduced.  This  may  result  in  a  runaway 
situation  such  that  collective  instability  is  induced. 

Experimental  measurements  indicate  that  a  small  time 
dependent  perturbation  can  create  resonance  islands  in 
the  longitudinal  or  transverse  phase  space  and  profoundly 
change  the  bunch  structure  [2],  For  example,  a  modulating 
transverse  dipole  field  close  to  the  synchrotron  frequency 
can  split  up  a  bunch  into  beamlets.  Although  these  phe¬ 
nomena  are  driven  by  beam-intensity  independent  sources, 
they  can  also  be  driven  by  the  space-charge  force  and/or 
the  wakefields  of  the  beam  which  are  intensity  dependent. 
Once  perturbed,  the  new  bunch  structure  can  further  en¬ 
hance  the  wakefields  inducing  even  more  perturbation  to 
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the  circulating  beam.  Experimental  observation  of  hystere¬ 
sis  in  collective  beam  instabilities  seems  to  indicate  that  res¬ 
onance  islands  have  been  generated  by  the  wakefields. 

For  example,  the  Keil-Schnell  criterion  [3]  of  longitudi¬ 
nal  microwave  instability  can  be  derived  from  the  concept 
of  bunching  buckets,  or  islands,  created  by  the  perturbing 
wakefields.  Particles  in  the  beam  will  execute  synchrotron 
motion  inside  these  buckets  leading  to  growth  in  the  mo¬ 
mentum  spread  of  the  beam.  In  fact,  the  collective  growth 
rate  is  exactly  equal  to  the  angular  synchrotron  frequency 
inside  these  buckets.  If  the  momentum  spread  of  the  beam 
is  much  larger  than  the  bucket  height,  only  a  small  fraction 
of  the  particles  in  the  beam  will  be  affected  and  collective 
instabilities  will  not  occur.  This  mechanism  has  been  called 
Landau  damping. 

As  a  result,  we  believe  that  the  collective  instabilities  of 
a  beam  can  also  be  tackled  from  a  particle-beam  nonlinear- 
dynamics  approach,  with  collective  instabilities  occurring 
when  the  beam  particles  are  either  trapped  in  resonance  is¬ 
lands  or  diffuse  away  from  the  beam  core  because  of  the 
existence  of  a  sea  of  chaos.  The  advantage  of  the  particle- 
beam  nonlinear  dynamics  approach  is  its  ability  to  under¬ 
stand  the  hysteresis  effects  and  to  calculate  the  beam  dis¬ 
tribution  beyond  the  threshold  condition.  Such  a  procedure 
may  be  able  to  unify  our  understanding  of  collective  insta¬ 
bilities  and  nonlinear  beam  dynamics.  Here,  the  stability  is¬ 
sues  of  a  space-charge  dominated  beam  in  a  uniformly  fo¬ 
cusing  channel  are  considered  as  an  example  [4], 

2  COLLECTIVE-MOTION  APPROACH 

Gluckstern  et.  al.  [5]  have  studied  the  collective  beam  sta¬ 
bilities  of  a  space-charge  dominated  K-V  beam  in  a  uni¬ 
formly  focusing  channel.  They  showed  that  the  (1,0)  mode 
is  stable  for  any  amount  of  envelope  mismatch  and  tune  de¬ 
pression  77.  The  (2,0)  mode  becomes  unstable  at  zero  mis¬ 
match  when  77  <  1/vT 7  —  0.2435  and  also  when  the  mis¬ 
match  is  large.  This  is  plotted  in  Fig.  1  with  the  stable  re¬ 
gion  enclosed  by  the  red  solid  curve.  The  stability  regions 
of  the  (3,0)  and  (4,0)  modes,  enclosed  by  the  blue  dashes 
and  the  magenta  dot-dashes,  respectively,  are  also  shown. 
These  latter  two  modes  become  unstable  at  zero  mismatch 
when  the  tune  depressions  are  less  than  0.3859  and  0.3985, 
respectively.  They  found  that  the  modes  become  more  un¬ 
stable  as  the  number  of  radial  nodes  increases.  Among  all 
the  azimuthals,  they  also  noticed  that  the  azimuthally  sym¬ 
metric  modes  (f  ,0)  are  the  most  unstable. 

3  PARTICLE-BEAM  APPROACH 

We  want  to  investigate  whether  the  instability  regions  in 
Fig.  1  can  be  explained  by  nonlinear  parametric  resonances. 
The  particle  Hamiltonian  describing  an  azimuthally  sym¬ 
metric  oscillating  beam  core  of  radius  R  is  [6] 
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1  2  U2  2  2flK  2 

-^(i  +  2iBM)e(|,,|-.R).  (i) 

where  y  and  py  are  the  particle’s  transverse  coordinate 
and  canonical  momentum,  p/(2n)  the  unperturbed  parti¬ 
cle’s  betatron  tune,  and  k  the  normalized  space-charge  per- 
veance,  which  is  related  to  the  tune  depression  by  77  = 
\/l+/v2  -  k.  Here,  only  the  situation  of  zero  angular  mo¬ 
mentum  is  discussed  [4],  For  a  weakly  mismatched  beam, 
the  envelope  radius  can  be  written  as  R  =  Ro+AR  cos  Qe6, 
where  Qe  is  the  envelope  tune  and  9  the  ‘time’ .  The  particle 
Hamiltonian  can  be  expanded  in  terms  of  the  equilibrium 
envelope  radius  Rq,  resulting  in  Hp  =  Hpo  +  AHp,  where 
the  unperturbed  Hamiltonian  Hpo  is  the  same  as  Hp  with  R 
replaced  by  Rq.  Thus,  for  a  matched  beam,  A Hp  =  0. 


4  PARAMETRIC  RESONANCES 


For  a  mismatched  beam,  particle  motion  is  modulated  by 
the  oscillating  beam  envelope.  The  perturbation  Hamilto¬ 
nian  A Hp,  obtained  from  Taylor’s  expansion,  can  be  ex¬ 
panded  as  a  Fourier  series  in  the  action-angle  variables  [6]. 
Parametric  resonances  occur  when  the  phase  is  stationary. 
Focusing  on  the  n:m  resonance,  we  perform  a  canonical 
transformation  to  the  resonance  rotating  frame  (7P,  <pp): 

TTL 

{Hp)  =  Rp(Ip)  ~  ~QeIp  4-  hnm{Ip)  cos n<f>p  ,  (2) 

with  the  effective  /c-dependent  resonance  strength  given  by 
l  (m  +  l/n  ,rXI 

• lnm  —  27rR '?  l^nwiWp/l  > 

where  M  =  1  —  Rm\n/Ro  is  the  envelope  mismatch.  The 
n  stable  and  unstable  fixed  points  can  be  found  easily.  Be¬ 
cause  particles  are  affected  only  by  resonances  when  they 
are  just  outside  the  envelope  core,  their  tunes  are  essentially 
the  tune  inside  the  beam  envelope.  At  zero  mismatch,  the 
threshold  for  the  n:m  resonance  can  therefore  be  derived  by 
equating  the  ratio  of  particle  to  envelope  tunes  to  m/n,  i.e., 


Tune  Depression  tj=(k2+1)1/'s~ k 

Figure  1 :  Beam  stability  versus  particle  tune  depression  and  en¬ 
velope  mismatch:  stability  region  for  Gluckstem’s  (2,0)  mode  en¬ 
closed  by  red  solid  curve,  the  (3,0)  and  (4,0)  modes  by  blue  dashes 
curve  and  magenta  dot-dashes.  Overlaid  are  first-order  resonances 
shown  as  solid  and  second-  and  higher-order  resonances  as  dashes. 


In  particular,  for  the  6:1  resonance,  k>8/\/17= 1.9403,  or 
tune  depression  rj  <  1/^/vf  =  0.2425,  which  agrees  with 
Gluckstern’s  instability  threshold  for  the  (2,0)  excitation. 

Trackings  have  been  performed  for  particles  outside  the 
envelope  core  using  the  4th-order  symplectic  integrator  [7], 
The  Poincare  surface  of  section  are  shown  in  Plots  A,  B,  C, 
D,  E,  F  of  Fig.  2  corresponds  to  Points  A,  B,  C,  D,  E,  F  in 
Fig.  1 .  The  innermost  torus  is  the  beam  envelope.  The  sec¬ 
tions  are  taken  every  envelope  oscillation  period  when  the 
envelope  radius  is  at  a  minimum.  In  Plot  A,  with  (rj,  M)  = 
(0.20, 0.30),  particles  that  diffuse  outside  the  beam  enve¬ 
lope,  will  encounter  the  6: 1  resonance,  which  is  bounded 
by  a  very  thin  layer  of  tori.  This  region  is  therefore  on  the 
edge  of  instability.  However,  the  last  good  torus  will  be  bro¬ 
ken  if  Tj  is  further  decreased,  which  corresponds  to  Plot  B, 
a  close-up  plot  with  (rj,  M)  —  (0.10,0.15).  Particles  that 
diffuse  outward  from  the  beam  core  will  wander  easily  to¬ 
wards  the  2:1  resonance  along  its  separatrix.  This  region, 
where  r)  <  0.2,  is  therefore  very  unstable.  This  explains 
the  front  stability  boundary  of  the  (2,0)  mode  of  Gluckstern, 
et.  al.  Particles  in  Plot  C  with  ( 97 ,  M)  =  (0.44, 0.25)  see 
many  parametric  resonances,  first  10:3,  then  6:2,  8:3,  10:4 
and  after  that  a  chaotic  layer  going  towards  the  2: 1  reso¬ 
nance.  These  resonances  are  separated  by  thin  layers  of 
good  tori.  This  region  is  on  the  edge  of  instability.  Plot  D 
with  (rj,  M)  =  (0.30, 0.10)  shows  the  6:2  resonance  well 
separated  from  the  10:4  resonance  with  a  wide  area  of  good 
tori.  Note  that  the  2:1  unstable  fixed  points  and  separatri- 
ces  are  not  chaotic  at  all.  This  region  will  be  very  stable. 
Plot  E,  with  ( rj,M )  =  (0.50,0.60),  is  at  very  large  mis¬ 
match  although  the  tune  depression  is  moderate.  The  2:1 
unstable  fixed  points  and  separatrices  are  very  chaotic,  and 
are  very  close  to  the  beam  core.  Thus  particles  can  easily 
diffuse  towards  the  2: 1  resonance,  making  this  region  un¬ 
stable.  Finally,  Plot  F,  with  (77,  M)  =  (0.90, 0.10),  is  with 
small  space  charge  and  small  mismatch.  The  beam  enve¬ 
lope  is  surrounded  by  good  tori  far  away  from  the  2:1  sep¬ 
aratrices.  This  region  is  very  stable. 

Since  the  4:1  resonance  is  a  strong  one,  its  locus  ex¬ 
plains  the  front  stability  boundaries  of  Gluckstem’s  (3,0) 
and  (4,0)  modes  also.  The  deep  fissures  of  the  (2,0)  mode 
near  rj  =  4.7  and  5.3  are  probably  the  result  of  encounter¬ 
ing  the  10:3  and  6:2  parametric  resonances.  The  width  of 
the  fissures  should  be  related  to  the  width  of  the  resonance 
islands,  which  can  be  computed  in  the  standard  way.  In 
general,  a  first-order  resonance  island,  like  the  4: 1 ,  is  much 
wider  than  a  higher-order  resonance  island,  like  the  6: 1 . 

We  tried  very  hard  to  examine  the  region  between  the  4: 1 
and  10:3  resonances  with  a  moderate  amount  of  mismatch. 
We  found  this  region  very  stable  unless  it  is  close  to  the  1 0: 3 
resonance.  We  could  not,  however,  reproduce  the  slits  that 
appear  in  the  (4,0)  mode  of  Gluckstern,  et.  al. 

5  CONCLUSIONS 

We  have  now  an  interpretation  of  the  collective  instabili¬ 
ties  in  the  plane  of  envelope  mismatch  and  tune  depression 
through  the  particle-beam  nonlinear-dynamics  approach. 
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Figure  2:  Poincare  surface  of  section  in  particle  phase  space  (y,  p).  Plot  A  is  with  (77,  M)  =  (0.20, 0.30),  Plot  B  (0.10,  0.15),  Plot  C 
(0.44, 0.25),  Plot  D  (0.30, 0.10),  Plot  E  (0.50, 0.60),  Plot  F  (0.90, 0.10),  corresponding, respectively,  to  Points  A,  B,  C,  D,  E,  F  in  Fig.  1. 
The  last  5  are  close-up  plots,  showing  only  up  to  the  unstable  fixed  points  and  internal  separatrices  of  the  2:1  resonance. 


Because  of  the  existence  of  noises  of  all  types  in  the  acceler¬ 
ators  and  the  K-V  equation  is  far  from  realistic,  some  parti¬ 
cles  will  diffuse  away  from  the  K-V  distribution.  Although 
these  particles  may  encounter  parametric  resonances  once 
outside  the  beam  core,  an  equilibrium  will  be  reached  if 
these  resonances  are  bounded  by  invariant  tori.  It  may  hap¬ 
pen  that  the  island  chains  outside  the  beam  envelope  are  so 
close  together  that  they  overlap  to  form  a  chaotic  sea.  When 
the  last  invariant  torus  breaks  up,  particles  leaking  out  from 
the  core  diffuse  towards  the  2: 1  resonance,  which  is  usu¬ 
ally  much  farther  away  from  the  beam  envelope,  to  form 
beam  halos.  As  particles  escape  from  the  beam  envelope, 
the  beam  intensity  inside  the  envelope  becomes  smaller  and 
the  equilibrium  radius  of  the  beam  core  shrinks.  Thus  more 
particles  will  find  themselves  outside  the  envelope.  As  this 
process  continues  because  no  equilibrium  can  be  reached, 
the  beam  eventually  becomes  unstable. 

So  far,  we  have  been  able  to  explain  the  results  of  Gluck- 
stern,  et.  al  qualitatively.  However,  there  are  differences 
quantitatively.  To  the  lowest  order,  the  Vlasov  equation 
studied  by  Gluckstem,  et.  al.  does  involve  the  perturbation 
force  induced  by  the  perturbation  distribution  via  the  Pois¬ 
son’s  equation.  In  our  nonlinear-dynamics  approach,  the 
particle  that  escapes  from  the  beam  envelope  core,  always 
sees  the  Coulomb  force  of  the  entire  unperturbed  beam 
core,  independent  of  any  variation  of  the  core  distribution 
due  to  the  leakage  of  particles.  This  is  mainly  due  to  the 
fact  that  we  have  been  treating  the  envelope  Hamiltonian 
and  the  particle  Hamiltonian  separately.  This  leads  to  a  de¬ 
pendency  of  the  particle  equation  of  motion  on  the  envelope 
radius,  but  not  the  dependency  of  the  equation  of  motion  of 
the  envelope  radius  on  the  particle  motion.  This  is  a  short¬ 
coming  in  our  approach,  which  we  need  to  improve.  We  be¬ 
lieve  that  this  is  also  the  reason  why  we  have  not  been  able 


to  compute  the  growth  rates  of  the  instabilities. 

It  is  possible  that  many  collective  instabilities  can  be  ex¬ 
plained  by  the  particle-beam  nonlinear  dynamics  approach. 
The  wakefields  of  the  beam  interacting  with  the  particle 
distribution  produce  parametric  resonances  and  chaotic  re¬ 
gions.  Collective  instabilities  will  be  the  result  of  parti¬ 
cles  trapped  inside  these  resonance  islands.  The  perturbed 
bunch  structure  further  enhances  the  wakefields  to  induce 
these  collective  particle  instabilities. 

6  REFERENCES 

[1]  I.M.  Kapchinskij  and  V.V.  Vladimirskij,  Proc.  Int.  Conf.  on 
High  Energy  Accelerators,  CERN,  Geneva,  1959,  p.274. 

[2]  D.D.  Caussyn,  et.  al.,  Phys.  Rev.  A46,  7942  (1992);  M.  El¬ 
lison,  et.  al.,  Phys.  Rev.  Lett.  70,  591  (1993);  M.  Syphers, 
et.  al.,  Phys.  Rev.  Lett.  71,  720  (1993);  D.  Li,  et.  al.,  Phys. 
Rev.  E48,  R1638  (1993);  DD.  Li,  et.  al.,  Phys.  Rev.  E48, 
3  (1993);  H.  Huang,  et.  al.,  Phys.  Rev.  E48,  4678  (1993); 
Y.  Wang,  et.  al.,  Phys.  Rev.  E49, 1 610  (1 994);  Y.  Wang,  et.  al., 
Phys. Rev.  E49, 5697  (1994);  S.Y.  Lee,  et.  al., Phys. Rev  E49, 
5717  (1994);  M.  Ellison,  et.  al.,  Phys.  Rev.  E50, 405 1  (1994); 
L.Y.  Liu,  et.  al.,  Phys.  Rev.  E50,  R3344  (1994);  D.  Li,  et.  al., 
Nucl  Inst.  Meth.  A364,  205  (1995). 

[3]  E.  Keil  and  W.  Schnell,  CERN  Report  Sl/BR/72-5,  1972; 
D.  Boussard,  CERN  Report  Lab  II/RF/Int./75-2,  1975. 

[4]  K.Y.  Ng  and  S.Y.  Lee,  “Paricle-Beam  Approach  to  Col¬ 
lective  Instabilities — Application  to  Space-Charge  Domi¬ 
nated  Beams,”  Proc.  1 6th  Advaced  ICFA  Beam  Dynamics 
Workshop  on  Nonlinear  and  Collective  Phenomena  in  Beam 
Physics,  Arcidosso,  Sep.  1-5, 1998. 

[5]  R.L.  Gluckstem,  W-H.  Cheng,  and  H.  Ye,  Phys.  Rev.  Lett.  75, 
2835  (1995);  R.L.  Gluckstem,  W-H.  Cheng,  S.S.  Kurennoy, 
and  H.  Ye,  Phys.  Rev.  E54, 6788  (1996). 

[6]  S.Y.  Lee  and  A.  Riabko,  Phys.  Rev.  E51, 1609  (1995). 

[7]  E.  Forest  and  M.  Berz,  LBL  Report  LBL-25609,  ESG-46, 
1989. 


1856 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


PARTICLE  DISTRIBUTIONS  FOR  BEAM  IN  ELECTRIC  FIELD* 
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Abstract 

In  the  present  report  an  approach  for  determination  of  parti¬ 
cle  distribution  density  in  analytical  form  for  beam  in  elec¬ 
tric  field  is  presented.  It  was  applied  previously  for  beams 
in  magnetic  fields  [1].  The  purpose  of  the  report  is  to  ex¬ 
tend  this  approach  on  beams  in  electric  field.  For  low  cur¬ 
rent  beam,  the  expressions  for  particle  density  are  obtained 
in  various  cases.  For  intense  beam,  the  integral  equation 
for  particle  density  in  the  space  of  first  integrals  of  motion 
equations  is  proposed.  The  well  known  KV  distribution  is 
one  of  its  solutions. 

1  ERMAKOV  SYSTEMS  AND  THEIR 
INTEGRALS 


of  Ermakov  systems  [2].  They  have  well  known  Ermakov 
integrals 

II  =  (xRx  -  xRx)2  +  x2,  (6) 

I2y  =  (yRy-i)Ry?  +  %2.  (7) 

ny 

Assume  that  the  beam  cross  section  is  bounded  by  the 
ellipse: 

x2/R2x  +  y2/R2y<l,  (8) 

and  find  such  set  of  Ix  and  Iy  that  this  assumption  would 
be  true.  Maximal  value  of  the  coordinate  x  is  reached  when 
the  first  term  in  (6)  turns  to  zero: 

'  C  =  i2xRl/E2x. 


Consider  stationary  beam  of  charged  particles  in  RF  elec¬ 
tric  field,  transverse  components  of  which  Ex ,  Ey  are  linear 
functions  of  the  corresponding  coordinates: 

Ex  kxX)  Ey  =  kyy ■  (1) 

Let  assume  that  in  each  cross-section  of  the  beam  all  par¬ 
ticles  have  the  same  longitudinal  velocity  i.  This  assump¬ 
tion  is  realized,  for  example,  for  beam  in  initial  part  of  RFQ 
channel. 

Further  we  will  consider  distribution  of  particles  of  some 
infinitely  thin  layer  moving  along  2— axis  with  the  veloc¬ 
ity  z  and  restricted  by  two  infinitely  closed  planes  mov¬ 
ing  with  the  same  velocity.  Let  us  assume  that  initially  (in 
the  beginning  of  the  channel)  particles  fill  ellipsoid  in  four¬ 
dimensional  space: 

X*B0X  =  1,  X*  =  (x,x,y,y),  (2) 


Bo  is  diagonal  matrix,  B0  =  diag(axo,  cx0,  ayo,  cyo).  As 
the  equations  of  motion  are  linear: 


—  QxX, 


—  QyVi  Qx,y  —  kx,y/m, 


in  each  subsequent  moment  particles  fill  ellipsoid,  and  en¬ 
velopes  on  x,  y  satisfy  the  equations 


d2Rx  _  El 

dt2  +  Rs , 


<PRy 

dt 2 


-OR  +  Ei 

—  Wy^y  t  p3  , 
ny 


(5) 


where  Ex  =  ax0cx0,  Ey  =  ayoCyo-  Here  Rx<y  are  beam 
envelopes.  The  equations  (3)  and  (4,5)  represent  two  pairs 
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Similarly, 

2/max  =  IyR-1/El 

The  point  (rrmax,  ?/max)  must  lie  inside  the  ellipse  x2/R2  + 
y2/Rl  =  1  and  we  get 

J|  +  §1  <  1,  Ix  >  0,  Iy  >  0.  (9) 

So,  the  set  of  admissible  values  of  Ix ,  Iy  is  bounded  by  the 
ellipse  (9)  and  coordinate  axes. 

2  DISTRIBUTIONS  IN  THE  SPACE  OF 
INTEGRALS 

Let  us  consider  particle  distribution  of  the  moving  infinitely 
thin  layer  introduced  above.  Taking  into  account  that  the 
thickness  of  the  layer  dz  varies  when  the  layer  moves  along 
z-axis,  we  normalize  all  densities  dividing  them  by  con¬ 
serving  value  dz/z. 

We  will  denote  the  density  of  distribution  on  the  vari¬ 
ables  a,  b, ...  by  DN/D{a,  &,...).  For  example,  the  phase 
density  in  this  notation  is  n  =  DN/D(x,  x,  y,  y).  Assume 
that  the  phase  density  depends  only  on  values  of  the  inte¬ 
grals  Ix  and  Iy.  Under  this  condition  the  particle  distribu¬ 
tion  is  determined  only  by  Ix  and  Iy ,  and,  hence,  we  can 
introduce  the  density  of  distribution  on  values  of  the  inte¬ 
grals  Ix  and  Iy  f(Ix,Iy)  =  DN/D{Ix,Iy).  Note,  that  set¬ 
ting  of  f(Ix,  Iy)  as  function  of  Ix,  Iy  is  more  correct  pro¬ 
cedure  then  setting  of  phase  density  n  as  function  of  Ix,  Iy 
because  we  set  density  as  function  of  the  variables  to  which 
it  is  related  as  a  density.  In  particular,  we  can  correctly  use 
generalized  function  as  particle  densities. 

Let  us  express  the  phase  density  and  the  density  in  the 
configuration  space  through  the  density  f(Ix,Iy).  Intro¬ 
duce  the  variables 

1 lx  —  x/Rx,  qy  =  y  /  Ry , 
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Sx  —  (xRx  X.R.x  )  ,  Sy  —  ( yRy  yRy)' 

Then  we  have 

£1  =4  DN  |dctgfe.»»)| 

D(qx,qy,Ix,Iy)  D(q  x> Qyi  $y  Y  d{Ix,Iy) 

Aljy  DN  Aljy  1 


Introducing  the  variables 

ix  =  s/ih/ExY  -  ql,  Iy  =  yj(. ly/EyY  -  ql 

_  we  can  transform  the  expression  (1 1)  to  simpler  form 

e(x>y )  = 

■O-I  -O/y 


lSlSyi  RlRl  J  n{Ex^Px+ql,  Ey yji*  +  q2y)  dlx  d~Iy ,  (13) 


41,4  1 


D{qx,qy,qx,qy )  |sx«y|  R2Ry  D(x,y,x,y) 


|det  |  =  ^.„(/„r,). 

o{qx,qy,qx,qy)  |SxSy| 

The  factor  4  arises  because  there  are  four  combinations  of 
8„Sj  which  give  the  same  values  of  Ix,Iy.  To  find  the 
relation  between  f(Ix,Iy)  and  n(Ix,Iy)  we  must  integrate 
last  equality  on  qx,qy  because 


/(4,  Iy)  — 


■0(4,4) 


•  Qx, max  9y,max 

/  / i 


4(5  xiQyi  4, 4) 


dqx  dqy . 


Integrating  and  taking  into  account  that 


W  =  74  - 1444  Kl  =  442  -  £2<z2, 


we  get 


/(4,4)  =  ^##-M4,4)- 

L-'y 


For  density  in  configuration  space  we  have 
4  f  DN 

e{X'V)  =  ^74  J  D(qx.qy)  Ix,Iy)dIx  dIy 


e(x,y)  =  -1-  [  (11) 

Integration  domain  fl  is  the  set  defining  by  the  inequalities 

I2X  >  E2xq2x,  Iy  >  E2q2y,  ^  +  -^  <  1. 

Substituting  the  density  f{Ix,Iy)  into  the  expression 
(11),  one  gets 


where  fl  is  determined  by  the  inequalities  I2  +  I2  <  1  — 

ql  ~  4,y  >  0. 

From  this  expression  one  can  obtain  particle  distribu¬ 
tions  in  configuration  space. 

3  EXAMPLES  OF  DISTRIBUTIONS 

In  the  simplest  case  the  phase  density  is  constant:  n  =  no. 
Substituting  it  to  (13)  and  integrating,  we  have 

nExEy  x2  y2 

e['X'y)  Rx(t)Ry(t)M  Rx(t)  R2y(t)y 

Other  simple  examples  can  be  easily  obtained  if  we  take 
phase  density  (or  density  f(Ix,Iy))  as  function  of  expres¬ 
sion  1  -  I2/ E2  -  I’l/Ey.  Let  phase  density  has  the  form 
n(4 , 4)  =  no(!  -  Ilf  El  -  II  I  Ely.  Substituting  to  (1 1) 
we  get 

g(M's)= ar(wi)(i~^~^r‘x 


j  0-r 


Qx  qy 


t  \  AEX  Ey  f 


f(IX,Iy)dIXdIy 

/ Px-EWjPy-Elql 


J _ l _  =  _ 71 ’ExEy  n  _n2  _  „2^p+l 

^Tqfr^y  ( p  +  i)Rx(t)Ry{t){  q*  qy>  ’ 

p  —  1,  where  I  —  y//2  +  4 .  For  example,  if  n  is  pro¬ 
portional  to  (1  —  Il/El  -  Ilf  El)-1/2,  then  g  is  propor¬ 
tional  to  (1  —  ql  —  5y)1/,a.  In  both  examples  particle  density 
falls  down  to  zero  on  the  border  of  the  beam.  It  can  be  seen 
that  for  all  p  >  —1  this  property  take  place. 

An  interesting  distribution  we  get  taking  the  density 
n(4,  Iy)  in  a  form 

t 2  /2 

“(#  +  #)/«2 

n{Ix,Iy)  =  n0e  x 

Then  we  have 

/  \  7T  E/y  O 

;VjgW+j?Vg |W 

(e  a2  -e  a2). 

If  a  is  small,  then  the  density  is  determined  by  the  first 
term  and  represents  Gauss  distribution  on  transverse  coor¬ 
dinates. 
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4  INTEGRAL  EQUATION  FOR  DENSITY 


6  REFERENCES 


Another  problem  of  great  interest  is  self-consistent  distri¬ 
butions  for  intense  beam.  Consider  stationary  beam  in  RF 
electric  field,  transverse  components  of  which  are  linear 
functions  of  coordinates  and  have  form  (1).  As  above,  as¬ 
sume  that  initially  particles  fill  ellipsoid  (2)  in  phase  space 
of  transverse  motion,  and  that  in  each  cross  section  of  the 
beam  all  particles  have  the  same  longitudinal  velocity  and 
fill  ellipse  (8).  Under  assumption  that  particles  are  uni¬ 
formly  distributed  in  beam  cross  section,  the  particles  dy¬ 
namics  equations  take  the  form  [3,4] 

cPx  -  \x 

=  Qxx  + 


dt 2  '  RX(RX  +  Ryy 

<P 'y__n  ,  xv 

dt 2  ^yV+  Ry(RX+Ry)' 


and  the  envelope  equations  are 

dPR 


dt 2 


—  QxRx  + 


A  El 
Rx  +  Ry  +  R3X’ 


d2  Ry  _  q  n  , _ A 

dt 2  ~^yUy  +  Rx  +  R 


V  Rl 


(14) 


(15) 


(16) 


(17) 


The  equations  (14),  (16)  and  (15),  (17)  represent  two  pairs 
of  systems  analogous  to  the  Ermakov  system  and  have  the 
same  integrals  (6),  (7)  as  systems  (3),  (4),  (5).  Moreover, 
all  expressions  for  densitiy  g(x,  y)  ( 11-13)  obtained  above 
are  valid  in  this  case.  Taking  into  account  the  expres¬ 
sion  for  density  (1 1)  we  have  integral  equation  for  density 

/(4  ,Iy): 


EXE, 


'yJ 


f  (4  J  *4)  ^4  dly 


■n2RxRye  o.  (18) 

The  problem  is  to  find  such  function  /(4»  4)  result 
of  the  integration  is  independent  on  qx,qy  (though  the  inte¬ 
grand  is  depend  on  them). 

The  well  known  KV  distribution  [3,4]  is  the  solution  of 
the  equation  (18): 

/  =  /o4V(l  -  Il/El  -  I2y/E2y).  (19) 
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5  CONCLUSION 

The  approach  for  determination  of  particles  distributions 
in  electric  field  proposed  in  the  present  report  allows  mod¬ 
eling  of  nonuniform  distributions  for  low  intensity  beams, 
which  can  be  represented  in  analytical  form  along  accel¬ 
erating  and  focusing  channel.  In  particular,  these  distribu¬ 
tions  can  be  widely  used  in  various  optimization  problems 
of  beam  dynamics  with  the  account  of  particle  density  dis¬ 
tribution  in  configuration  space  [5,6]. 

Another  result  of  this  work  is  integral  equation  for  den¬ 
sity  f(Ix,Iy)  for  intense  uniform  charged  beam.  On 
the  base  of  this  equation  the  problem  of  finding  of  self- 
consistent  distributions  can  be  examined. 
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Abstract 

The  problem  of  electrostatics  repulsion  between  charged 
particles  in  a  bunch  is  a  classical  mixed  Dirichlet- 
Neumann  problem.  In  this  paper,  an  analytical  solution  of 
this  problem  is  described.  The  approach  proposed  here  can 
be  extended  to  other  problems  in  mathematical  physics. 

1  INTRODUCTION 

In  an  accelerator  a  bunched  beam  consists  of  an  arbitrary 
system  of  charged  particles  embedded  in  a  finite  volume. 
The  surface  separating  this  system  of  particles  from  the 
environment  possesses  often  a  complicate  form  difficult  to 
define.  Moreover  the  density  (number  of  particles  per 
unity  of  volume)  does  not  generally  follow  the  usual 
mathematical  statistics  laws.  However  the  forces  acting  on 
the  particles  are  well-known  and  the  behaviour  of  the 
system  of  particles  can  be  in  principle  deduced  from  its 
distribution,  knowing  the  position  of  these  particles,  the 
effects  of  the  electrostatic  repulsion  between  the  particles 
can  be  calculated.  The  problem  could  be  simplified  in 
finding  appropriate  solutions  of  the  Poisson  equation 
AU=-p  /e0  where  p  is  the  electric  charge  density,  and  U 
the  electrostatic  potential. 

2  THE  ELECTROSTATIC  PROBLEM  OF 
THE  BUNCH 

Summarising  the  more  general  problem  in  electrostatics 
for  a  system  of  particles  embedded  in  a  finite  volume  V, 
one  obtains  a  mixed  Dirichlet-Neumann  problem.  The 
solution  of  this  problem  requires  the  conditions  prescribed 
on  the  boundary  S  of  a  finite  region  within  V.  When  the 
system  of  charged  particles  is  arbitrary,  these  conditions 
cannot  be  easily  defined,  and  one  substitutes  the  following 
problem: 

i)  A  U=-p/e0 

ii)  U  and  its  partial  derivatives  are  null  at  °°  (1) 

iii)  p  is  continuously  null  outside  a  finite  region 

The  density  p  will  be  obtained  from  the  system  of  charged 
particles.  For  a  system  of  particles  lying  in  a  closed 
volume,  this  problem  can  be  considered  identical  to  the 
Dirichlet-Neumann  problem[l]. 


3  BEST-APPROXIMATION  OF  THE 
DENSITY  FUNCTION  WITH  3-D  SERIES 


The  density  function  must  be  expressed  in  a  suitable 
analytical  form,  allowing  to  compute  the  potential.  To  do 
so,  the  density  is  expanded  in  a  series  of  3-dimensional 
orthogonal  functions.  As  the  limits  of  the  system  of 
particles  are  not  well-known,  only  3-d  orthogonal 
functions  requiring  no  strict  boundary  limits  must  be 
retained.  Periodic  orthogonal  functions  (as  Fourier  series, 
for  example)  are  complicated  since  they  introduce  image 
effects  resulting  of  the  periodicity.  A  good  candidate, 
satisfying  the  conditions  p=0  at,  °o  can  be  obtained  by  a 
generalisation  in  3-d  of  the  Hermite  functions. 

One  defines : 

$imn  U>  y,  z)=^t  (xyvm  (y)'Pn  (z) ,  (2) 

where  ^((x)  are  the  Hermite  orthogonal  functions 


generated  from  the  following  defining  relation  : 

¥,  (*)=(-!)  ldl(e~x2,2)/dxl  =Ht(x)e~x2 12 ,  (3) 

where  H(x)  are  the  orthogonal  Hermite  polynomials[2,4] 
of  degree  1,  forming  a  complete  sequence  of  orthogonal 
functions  in  the  functional  space  L2(R3)  of  the  functions 
measurable  with  the  following  Lebesgues-measure  [3]: 

dGJ  =  eu’+y  +z  )/2  dxdydz.  (4) 


One  endows  this  functional  space  with  a  scalar  product  : 

<  f , g  >  =  JJJ  f(x,y,z)  g(x,y,z)  dtiJ  • 

R  3 

The  density  p,  being  null  outside  a  finite  region,  belongs 
to  this  functional  space.  One  can  then  expand  the  density 
in  the  complete  basis: 


P(*.y.*)=X  ]T  £ 

/  =  0  m  =0  n  =0 


<  P’Slmn  >  g 
^  ^  fmn  *  ^  Imn  ^ 


Imn 


(X,  y,  z) 


(6) 


Let’s  consider  now  a  finite  sequence  {8lm„}  with 
0  <  l,m,  n  <  /,  ,OT]  ,  n,  .  This  sequence  generates  a 
functional  space  X(l,,m,,n1)  endowed  with  the  scalar 
product  defined  in  Eq.  5.  The  finite  sequence  {8tan} 
constitutes  a  complete  basis  of  orthogonal  functions  ,  and 
any  function  in  this  space  can  be  expanded  in  this  basis. 
One  can  prove  [3]  that  there  exists  one  element  and  only 
one  element  S,  (p)  in  XO^m^n,),  such  that  the  following 
distance: 
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D  =  J/J  (p(x,y,z)  -  S,(p))  dxdydz  (7) 

R3 

is  minimum.  This  element  is  the  projection  of  the  density 
p  in  the  functional  space  X(ll,ml,nl).  Expanding  this 
projection  with  the  basis  one  obtains  : 


s.<P)=£  £  £ 


<  p^i 


( x ,  y,  z)  •  (8) 


/=0  m=  0  n~ 0 


One  can  show  [3]  that,  contemplating  a  system  of  N 
charged  particles,  one  has  : 


<PAmn> 

<  ^ImnAmn  > 


_ i _ y 

(2 n)V2l'm'n& 


Hi(Xj)Hm(yi)Hn(Zj) , 


(9) 


where  xp  yi5  and  z,  are  the  co-ordinates  of  the  particles. 

One  also  proves  [2,3]  that  the  distance  D  given  in  Eq.7  is 
bounded,  and  one  has  : 


D  <  C 


(21,  )!  (2m  , )!  (2n  ,  )! 


where  C  is  a  constant  depending  of  the  density. 

The  general  expression  of  the  field  components  is  given 
by  : 

Ex(x,y,z)= — 

Co 

The  density  p  being  positive  or  null  in  a  finite  region, 


5p(x+^,y+p,z+<;) 

&+li2+q2)m 


d£,  dp.  dq  • 


from  the  first  theorem  of  the  average[4],  the  truncation 
error  introduced  in  the  potential  or  in  the  field 
components,  when  the  density  p  is  replaced  by  S,(p), 
could  be  deduced  from  the  distance  D  . 


4  ANALYTICAL  SOLUTION  OF  THE 
POISSON  EQUATION 


In  the  problem  (1),  the  density  p  can  be  replaced  by  it’s 
approximation  S,(p)  and  one  considers  separately  each 
term  in  the  series  in  Eq.  (8) : 

A(/*(w,v,  w)= — - — <f’5^  >  5lmn  (u,v,w)  .  (12) 

£0  <  °lmn  <  °lmn  > 

These  u  ,v  and  w  are  the  normalised  co-ordinates  obtained 
in  scaling  the  co-ordinates  along  the  principal  axes  relative 
to  the  r.m.s.  dimensions  a  ,  b  and  c  of  the  bunch. 
Applying  a  Fourier  transformation  to  Eq.  (12),  one  obtains 
an  expression  of  the  field  component : 

E*x («,  v,  w)=(-0,+m+n+1  (2;t)~3/2  <  P'  S,mi  > 

£0  <  °lmn  >  dlmn  > 


s  \  j  ;  ; 


uMvmW 


~2  -2  -2 

U  V  w 

a 2  b2  c2 


2  jjaufr.  (13) 


An  analytical  solution  of  this  3-d  complex  integral  can  be 
found  by  separating  it  into  three  1-d  complex  integrals. 
This  process  leads  to  very  sizeable  analytical  calculations 
[3],  whom  one  only  gives  here  the  principle.  One 
considers  for  instance  in  the  3-d  integral  above,  the 
following  integral  function : 


From  the  Cauchy  residue  theorem  and  from  an  integral 
representation  of  the  probability  function,  one  obtains  an 
analytical  expression  of  /i(v,w)  in  terms  of  Hermite 


functions.  Introducing  this  expression  in  the  3-d  integral  in 
Eq.  (13),  one  has  to  calculate  a  new  integral  function  : 


/2(w)=J  vme_i’2/271  (v,w)eiiv dv  . 


(15) 


The  Cauchy  residue  theorem  and  the  properties  of  the 
Hermite  functions,  allow  to  obtain  an  other  analytical 
expression  in  terms  of  Hermite  functions.  This  expression 
introduced  in  Eq.  (13),  enable  to  obtain  an  analytical 
expression  of  the  3-d  integral. 

Further,  in  the  aim  to  save  computer  time,  integrals  above 
could  be  calculated  through  expansions  around  specific 
positions  in  the  bunch. 


5  EXAMPLES 

Figures  1-5  illustrate  an  estimation  of  the  influence  of  the 
truncation  error,  done  when  the  density  p  is  replaced  by 
its  truncated  series  developments  defined  in  Eq.  (8),  on  the 
potential  or  on  the  field  components  calculated  with  the 
same  3-d  Gauss  numerical  integration  on  a  sphere.  This 
numerical  integration  has  been  used  in  place  of  the 
analytical  method  explained  in  this  paper,  because  this  can 
only  be  applied  to  the  series  developments.  The  "noise" 
observed  on  the  curves  is  induced  by  the  numerical 
integration. 


RADIUS 

Figure  1 :  The  radial  field  component  along  a  diameter  of  a 
sphere  for  which  the  density  p(x,y,z)=l  is  compared  with 
the  same  component  as  calculated  by  series  developments 
with  1,,  m,  and  n,  =  12.  Due  to  the  symmetry,  only  the 
terms  in  the  series  with  even  1,  m  and  n  are  not  null. 
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Figure  2:  The  density  is  a  4th  order  spherical  function, 
represented  here  at  z  =  0. 


Figure  3:  The  field  component  deduced  from  the 
density  given  in  fig.  2  is  compared  with  this  obtained  from 
the  truncated  series  with  1,,  m,  and  n,  =6.  The  difference 
vanishes  when  increasing  this  values  to  12  (see  fig.  1). 


Figure  4:  The  density  is  a  non-symmetrical  function 
represented  here  at  z  =  0. 


Figure  5:  Field  component  E,,  along  x-axis  with  a  beam 
density  given  in  fig.4,  compared  with  this  calculated  from 
series  developments  with  1,,  m,  and  n,  =7.  Here  the  terms 
in  the  series,  with  odd  and  even  1  ,m  and  n  are  used.  As  in 
the  practical  cases,  the  density  is  here  continuous  at  the 
boundary  of  its  defining  area,  contrary  to  previous 
example  (fig.2). 

6  CONCLUSION 

The  present  work  suggest  a  new  type  of  approach  leading 
to  an  analytical  solution  of  a  classical  Dirichlet-Neumann 
problem  in  3-dimensions.  It  is  particularly  suitable  for  an 
arbitrary  system  of  charged  particles  without  symmetry, 
when  the  limits  of  the  system  are  not  well-known.  It  can 
be  extended  to  other  problems  in  mathematical  physics.  A 
new  routine  is  being  developed  solve  space-charge  effects 
in  accelerators.  It  could  become  a  good  tool  helping  in  the 
estimation  of  tolerances  necessary  for  the  design  and 
operation  of  high  intensity  linacs.  Some  possible 
refinements  of  the  present  method  are  still  being  studied. 
This  process  might  also  be  used  for  cyclotrons. 
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Abstract 

The  RF  power  necessary  to  accelerate  the  main  beam  of 
the  Compact  Linear  Collider  (CLIC)  is  produced  by  decel¬ 
erating  a  high-current  drive  beam  in  Power  Extraction  and 
Transfer  Structures  (PETS).  The  reference  structure  is  not 
cylindrically  symmetric  but  has  longitudinal  waveguides 
carved  into  the  inner  surface.  This  gives  rise  to  a  trans¬ 
verse  component  of  the  main  longitudinal  mode  which  can 
not  be  damped,  in  contrast  to  the  transverse  dipole  wake- 
field.  The  field  is  non-linear  and  couples  the  motion  of  the 
particles  in  the  two  planes.  Limits  of  the  stability  of  the 
decelerated  beam  are  investigated  for  different  structures. 

1  INTRODUCTION 

The  CLIC  study  investigates  a  possible  future  linear  col¬ 
lider  based  on  acceleration  with  a  frequency  of  30  GHz  [1], 
The  necessary  power  is  produced  by  decelerating  a  high- 
current,  low-energy  beam  which  runs  parallel  to  the  main 
beam.  This  is  done  in  20  consecutive  drive  beam  decel- 
erators  per  main  linac  each  of  which  is  fed  with  a  new 
beam  [2].  During  the  deceleration  the  beam  develops  a 
large  energy  spread  of  a  factor  ten  and  is  subject  to  trans¬ 
verse  deflections  due  to  wakefields.  For  reliable  operation 
the  beam  stability  in  the  decelerator  is  critical  since  the 
beam  contains  a  large  energy  per  pulse.  In  addition,  the 
down-times  of  the  40  decelerators  add  to  the  total  down¬ 
time. 

2  DECELERATOR  MODEL 

The  decelerators  are  on  average  767  m  long  and  consist 
of  550  PETS  [3].  The  layout  of  the  drive  beam  deceler¬ 
ator  is  strongly  coupled  to  that  of  the  main  beam  accel¬ 
erator.  It  consists  of  a  simple  FODO  lattice  with  a  con¬ 
stant  quadrupole  spacing  of  1.115  m.  Between  each  pair 
of  consecutive  quadrupoles  a  power  extraction  structure  is 
placed.  It  feeds  two  accelerating  structures  in  the  main 
linac.  The  gradients  of  the  quadrupoles  are  varied  along 
the  beam  line  to  achieve  a  constant  phase  advance  of  about 
88  °  per  FODO  cell  for  the  lowest  energy  particles.  The  en¬ 
velopes  of  the  particles  with  higher  energies  will  then  au¬ 
tomatically  be  smaller  than  those  with  lower  energies  [4], 

3  STRUCTURE  MODEL 

The  active  length  of  the  power  extraction  structures  is 
0.8  m;  longer  structures  would  lower  the  main  linac  fill  fac¬ 


tor.  The  inner  bore  of  the  structure  is  cylindrically  sym¬ 
metric  except  for  the  longitudinal  waveguides  that  are  cut 
into  the  surface.  Here  four  structures  are  considered  with 
four,  six  and  eight  waveguides,  respectively,  and  a  circu¬ 
larly  symmetric  one.  Their  main  properties  are  listed  in 
Table  1 .  The  longitudinal  and  transverse  wakefields  can  be 
well  represented  by  a  single  mode  each,  with  a  frequency 
of  30  GHz  for  the  longitudinal  and  24  MHz  less  for  the 
transverse  mode.  The  group  velocities  of  the  wakefields 
are  close  to  the  speed  of  light,  e.g.  f3±  ~  fi\\  =  0.441  for 
the  four  waveguide  structure. 

The  power  the  structure  extracts  from  the  beam  has  to  be 
512  MW.  This  is  simply  given  by  the  product  of  average 
deceleration  of  the  beam  particles  times  the  current.  The 
longitudinal  wakefield  Wu  is  a  function  of  the  structure  ra¬ 
dius  a,  W||  ex  a  3  for  the  four- waveguide  structure.  So  one 
can  in  principle  choose  a  high-energy,  low-current  beam  in 
a  small  aperture  structure  or  vice  versa.  Simulations  of  the 
transverse  wakefield  have  shown  that  the  best  beam  stabil¬ 
ity  in  a  given  decelerator  using  four  waveguide  structures 
is  achieved  by  choosing  the  highest  beam  current  possi¬ 
ble.  The  injector  complex  is  expected  to  allow  for  bunch 
charges  q  of  up  to  q  =  20  nC. 

The  high  group  velocity  leads  to  a  concentration  of  lon¬ 
gitudinal  and  transverse  wakefields  at  the  end  of  the  struc¬ 
ture.  In  the  simulation,  the  passage  of  a  particle  through 
the  structure  is  therefore  simulated  in  a  number  of  steps. 
During  each  step  the  longitudinal  and  transverse  field  is  as¬ 
sumed  to  be  constant.  But  from  step  to  step,  the  fields  vary 
according  to  the  field  profiles  in  the  structure.  The  trans¬ 
verse  wakefields  not  only  drain  out  of  the  structure  but  are 
damped  with  a  quality  factor  Q  «  50  [5]. 

Since  the  structure  is  not  cylindrically  symmetric,  the 
longitudinal  field  varies  with  the  transverse  position. 

°°'  rm,i 

En(r,(p)  =  7  2 ki - r  cos(27rs/A) cos(msi<j)). 

£,  i  *1  qTTIsI 

i— 0 

For  the  number  of  waveguides  ms  ^  0  this  corresponds  to 
a  transverse  field  which  can  be  written  as 

E^{r,(/))  =  Y'2kimsi— — —  —  sin(27rs/A) 

flm>'  Z7T 

i=0 

[— er cos (msi<j>)  +  e# sin (msi<f>)\.  (1) 

Here,  <j>  =  0  lies  in  a  symmetry  plane  in  the  centre  of  a 
waveguide.  In  contrast  to  the  transverse  wakefield,  this  ef¬ 
fect  also  plays  a  role  if  the  beam  is  perfectly  centred  in  the 
structures. 
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Figure  1 :  Fit  of  the  field  non-uniformity  in  the  six  wave¬ 
guide  structure. 


Table  1 :  Parameters  of  the  different  power  extraction  struc¬ 
tures  used  in  the  simulations.  R'/Q  is  given  in  linac  ohms. 
The  last  structure  is  circularly  symmetric _ 


ms 

4 

6 

8 

00 

a 

[mm] 

13 

15 

16 

12 

R'/Q 

[D/m] 

41 

50.8 

49.0 

292.6 

W L 

[V/pC/m2] 

225 

250 

260 

3170 

Ai 

0.441 

0.59 

0.64 

0.78 

Qb 

[nC] 

16.1 

16.7 

17.7 

8.0 

E0 

[GeV] 

1.34 

1.29 

1.22 

2.76 

G/G 

4.3 

3.0 

2.5 

1.0 

h/ko 

1.8 

1.6 

1.4 

— 

k2/k0 

1.0 

0.65 

0.21 

— 

For  the  six  and  eight  waveguide  structures  the  coeffi¬ 
cients  can  be  determined  easily.  Figure  1  shows  the  result 
of  the  fit  in  the  two  planes  $  =  0  and  $  =  7r/2  using  eight 
coefficients.  Only  the  first  two  are  important,  the  others  are 
quite  small.  In  the  case  of  the  four  waveguide  structure,  the 
fit  is  less  reliable  since  the  curves  are  not  smooth  due  to  the 
mesh  used  in  the  computations  with  MAFIA.  Also  in  this 
case  the  first  two  coefficients  are  taken,  even  so  the  follow¬ 
ing  ones  are  not  much  smaller.  The  most  important  effect 
is  however  expected  from  the  lowest  orders. 

4  BUNCH  TRAIN 

The  bunch  train  used  to  produce  the  RF  power  consists  of 
four  parts.  In  the  main  part,  the  flat  top,  the  charge  does  not 
vary  from  bunch  to  bunch.  It  is  used  to  produce  the  power 
during  the  passage  of  the  main  beam.  It  is  preceded  by  a 
number  of  bunches  in  which  the  charge  is  increasing  from 
bunch  to  bunch.  This  ramp  is  necessary  to  compensate  the 
main  linac  beam  loading  by  providing  a  field  profile  as  if 
the  first  bunch  of  the  main  linac  pulse  had  been  preceded 
by  others.  An  additional  ramp  of  charge  preceding  the  one 
described  may  be  necessary  if  the  drive  beam  injector  can¬ 
not  achieve  the  sudden  change  in  charge.  It  is  neglected 
in  the  following  since  its  length  and  shape  still  have  to  be 
investigated.  After  the  flat  top,  another  ramp  with  decreas¬ 


ing  charges  will  follow  which  is  needed  for  beam  loading 
compensation  in  the  drive-beam  accelerator,  see  [6]. 

The  bunch  length  is  assumed  to  be  az  =  400  /im,  the 
transverse  emittances  7 ex  =  ~/ey  =  150  /im.  During  the 
deceleration,  particles  can  lose  up  to  the  90  %  of  their  initial 
energy,  while  the  first  bunches  will  be  hardly  decelerated. 


5  ADDITIONAL  ENERGY  LOSS 


Due  to  the  non-uniformity,  off-axis  particles  can  be  decel¬ 
erated  more  or  less  than  on-axis.  If  the  deceleration  is  too 
large  these  particles  will  be  lost  since  they  are  over-focused 
by  the  quadrupoles.  For  a  four-waveguide  structure,  the  ad¬ 
ditional  energy  loss  AE  can  be  estimated  as 


A  E  =  G 


3 

Wo 


{r\z)) 


d  z. 


Here,  L  is  the  linac  length,  r(z)  the  maximum  amplitude 
at  position  2  and  the  factor  3/8  is  due  to  the  integration 
over  the  betatron  motion.  For  the  lowest  energy  particles 
the  beta-function  is  constant,  so  the  integration  leads  to 

AE  3  r5  -  f5  Eq 
Eo-Ef  ~  8Co5(f-r>4£>' 

Here,  f  and  f  are  the  minimal  and  maximal  amplitudes  in 
the  first  FODO  cell.  If  AE/Ef  «  0.3  the  lattice  will  be 
over-focusing.  Assuming  ki/ko  =  3.3  in  the  four  wave¬ 
guide  structure  (attributing  the  full  amplitude  of  the  non¬ 
uniformity  to  this  value)  a  particle  can  be  lost  if  it  has  an 
initial  offset  of  about  8cr.  Simulations  confirm  this  value. 

If  consecutive  structures  are  rotated  by  it fma  the  lowest 
order  term  of  the  non-uniformity  will  about  cancel.  This 
will  allow  the  particles  to  have  even  larger  initial  ampli¬ 
tudes  without  being  lost. 


6  TRANSVERSE  EFFECTS 

In  order  to  stabilise  the  beam,  it  is  useful  to  rotate  every 
second  structure  by  <f>  =  n/ms  [3].  Since  the  beta-function 
is  significantly  longer  than  the  structures,  the  kick  due  to 
the  lowest  order  in  (1)  averages  out  over  a  short  distance. 
In  Fig.  2,  the  maximum  envelopes  along  the  decelerator 
are  shown  for  all  three  structures.  A  damping  with  Q  =  50 
and  Q  =  200  is  assumed,  the  beam  is  offset  by  one  sigma 
initially  and  has  a  size  of  4 crx  and  A<jy.  The  envelope  is 
normalised  to  the  half-aperture.  Even  with  Q  =  200  the 
beam  is  sufficiently  stable  in  all  structures.  The  ones  with 
six  and  eight  waveguides  are  better  than  the  one  with  four 
due  to  the  larger  aperture  and  the  smaller  non-uniformity. 

7  AZIMUTHAL  DEPENDENCE 

The  kick  a  particle  experiences  due  the  field  non¬ 
uniformity  is  purely  radial  in  a  symmetry  plane,  but  else¬ 
where  also  has  an  azimuthal  component.  To  investigate 
the  different  effects,  a  four  sigma  beam  is  used,  contain¬ 
ing  test  particles  with  Courant-Snyder  Invariants  Ax  = 
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Figure  2:  The  normalised  envelopes  for  the  different  struc¬ 
tures  with  waveguides,  the  upper  graph  is  for  the  expected 
damping  Q  =  50,  the  lower  for  Q  =  200, 


x/a 

Figure  3:  The  envelopes  in  the  different  angles  <j>o- 

16cos2(0o)eXI  Ay  =  16sin2(<£o)ey.  The  beam  has  an 
initial  offset  in  the  direction  of  this  plane  of  one  sigma: 
Ax  =  cos(cj)o)ax,  Ay  =  cos(<f>o)cTy.  Figure  3  shows  the 
maximal  excursion  of  any  particle  for  the  different  angles. 
The  variation  is  essentially  due  to  the  optics  only. 

8  CIRCULARLY  SYMMETRIC 
STRUCTURE 

The  circularly  symmetric  structure  has  no  field  inhomo¬ 
geneities.  Its  transverse  wakefield  as  well  as  its  impedance 


Figure  4:  The  beam  envelopes  for  the  circularly  symmetric 
structure  for  damping  with  different  Q. 

are  high.  While  it  therefore  seems  natural  to  use  a  struc¬ 
ture  with  larger  diameter,  it  is  very  difficult  to  achieve  a 
low  group  velocity  in  this  case.  Already  at  r  =  12  mm,  it 
is  very  high:  /3g  =  0.78.  The  initial  energy  of  the  beam 
is  very  high  and  its  current  significantly  lower  than  in  the 
former  cases,  see  Table  1 .  In  this  case,  it  is  more  difficult  to 
damp  the  transverse  modes  than  in  the  former  ones.  First 
measurements  indicate  Q  «  150  [7].  Figure  4  shows  the 
maximal  amplitudes  of  a  four-sigma  beam  with  different 
initial  offsets  for  different  values  of  Q.  While  the  struc¬ 
ture  is  clearly  not  excluded,  the  wakefield  effect  seems  to 
be  significantly  stronger  than  in  the  previous  ones. 

9  CONCLUSION 

Calculations  of  the  beam  stability  in  the  drive  beam  decel- 
erator  have  been  performed  for  new  transfer  structures.  The 
longitudinal  and  transverse  effect  of  the  non-uniformity 
of  the  longitudinal  field  have  been  included  together  with 
the  usual  wakefield  effects.  The  stability  improves  com¬ 
pared  to  the  previous  case.  Especially  with  the  six  and 
eight  waveguide  structures  almost  no  effect  of  the  non¬ 
uniformity  is  visible. 
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HALO  FORMATION  AND  CONTROL 


S.N.Andrianov*.  N.S.Edamenko,  SPbSU,  S.Petersburg,  Russia 


Abstract 

In  this  report  we  suggest  some  approaches  to  very  intricate 
problem  of  the  halo  formation  process.  It  is  known  that 
this  process  leads  to  the  formation  of  a  sufficiently  com¬ 
pact  core  and  a  spreading  cloud  -  halo,  which  surrounds  the 
core.  Our  approach  to  this  problem  is  based  on  two  main 
objects:  initial  distribution  functions  and  matrix  formalism 
for  Lie  algebraic  tools  for  time  evolution  of  particle  beam. 
Usage  of  the  matrix  formalism  allows  to  investigate  the  in¬ 
fluence  of  different  forms  of  starting  model  distributions. 
All  calculations  are  based  on  symbolic  representation  of 
necessary  mapping  generated  by  space  charge  forces  and 
external  control  fields.  This  allows  us  to  formulate  the  ba¬ 
sic  requirements  which  are  necessary  for  halo  formation, 
that  gives  us  a  possibility  to  control  this  process. 

1  INTRODUCTION 

It  is  known  that  usually  the  evaluation  of  space  charge  ef¬ 
fects  on  the  beam  dynamics  requires  intensive  numerical 
calculation.  That  is  why  there  are  innumerable  publica¬ 
tions,  which  devoted  to  modeling  of  space  charge  dynam¬ 
ics  for  concrete  machines.  The  most  of  papers  concentrate 
upon  an  numerical  analysis  of  the  influence  of  the  beam 
line  characteristics  for  matched  or/and  unmatched  beams. 
Nevertheless  the  problem  of  the  influence  of  beam  distri- 
bition  characteristics  keep  through  our  study.  But  it  is  im¬ 
possible  to  obtain  total  presentation  of,  for  example,  halo 
problem  without  thorough  investigation  of  different  kind  of 
conditions  which  affect  halo  formation.  Most  recent  publi¬ 
cations  have  dealt  with  either  the  KV-distribution  or  several 
simple  distributions.  In  the  paper  [1]  a  very  interesting  ap¬ 
proach  to  halo  production  is  presented.  The  authors  suggest 
new  concepts  for  halo  description  which  allows,  in  partic¬ 
ular,  to  solve  problems  of  halo  control.  All  approaches  to 
this  problem  have  ultimatelly  depended  upon  the  calcula¬ 
tion  techniques  that  can  be  applied.  To  understand  halo  for¬ 
mation  process,  in  this  work  we  consider  the  evalution  of 
the  phase-space  distribution  in  terms  of  matrix  representa¬ 
tion  for  Lie  transformations  [2].  This  allows  us  to  use  com¬ 
puter  algebra  methods  and  codes  to  reduce  the  real  time 
needed  for  the  numerical  calculations.  The  external  forces 
are  assumed  radial  and  periodical,  as  in  solenoid  channels. 
This  force  model  can  be  also  appleid  to  quadrupole  focus¬ 
ing  if  the  phase  advance  is  not  too  large.  The  focusing 
force  as  the  space-charge  forces  are  considered  upto  aber¬ 
rations  of  the  third  order.  In  this  paper  we  use  the  model 
of  long  beams  with  an  elliptical  cross-section  in  the  trans¬ 
verse  phase-space.  Some  models  of  phase-space  distri- 
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bution  functions  are  described  [3].  The  Ferrer’s  integrals 
technique  is  used  for  calculation  of  space-charge  forces  in 
a  symbolic  form.  Note  if  we  neglect  space-charge  forces 
the  motion  equation  for  Lie  transformation  have  linear  op¬ 
erator  form,  but  if  the  space-charge  forces  are  included  in 
our  investigation  the  corresponding  equation  become  non¬ 
linear  as  the  generating  vector  field  depends  on  beam  char¬ 
acteristics.  Nonlinear  nature  of  these  equations  leads  to 
a  necessity  to  use  the  successive  approximations  method. 
Obtained  convergence  conditions  and  algorithms  give  op¬ 
portunity  to  estimate  a  current  step  value  in  advance  and  to 
create  necessary  software  for  modeling  [4].  The  truncated 
matrix  equations  (up  to  third  order)  are  solved  with  the  use 
of  the  matrix  formalism  for  Lie  algebraic  tools  with  neces¬ 
sary  symplification  procedure  [5].  As  a  result  of  this  work, 
there  are  a  number  of  computer  experiments  that  show  us 
what  kind  of  both  beam  and  beamline  characteristics  have 
to  be  taken  in  account.  The  necessary  software  was  created 
using  the  dynamic  modeling  paradigm  [6]. 


2  A  SPACE  CHARGE  DESCRIPTION 

2. 1  The  Initial  Space  Charge  Distributions 

The  initial  space-charge  distribution  in  the  phase-space 

OO 

can  be  written  in  the  general  form  fo{X)  =  Y  A 

fc=o 

or  in  the  case  of  elliptical  symmetry 

OO  OO 

MX)  =  =  £a°(x[*])*  A<fc};dfc],  (i) 

k= 0  k— 0 

where  —  X  (g>  • . . .  •  is  the  Kronecker  power 

k— times 

of  the  phase  vector  X  =  (x,px, y,py)*,  Aim X^  — 
(fe+3),  A^  is  the  symmetrical  Kronecker  power  of  the 
initial  form  matrix  Ao  :  k2  =  X*A.oX\ 

(A{*>)fl  =  Mfc)(A|?])fl> 
i,l  =  l>(n  +  £_1)>  bi(k)  =  k\/k1\...knl 


2.2  The  Self-Field  of  the  Space  Charge 

Using  the  Ferrers’s  integrals  technique  we  calculate  the  de¬ 
sired  space-charge  forces  in  symbolic  forms  for  some  mod- 
elfunction  of  space-charge  distributions.  In  particular,  we 
obtain  the  components  of  the  vector  of  self-electrical  field 
in  the  form 


Ei,v  ~  Etv  + 


o  47rpo  ab 

Z  eo  a(a  +  6)?’ 
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0  inpo  ab 

v  e0  b(a  +  by ' 

where  £,  77  are  local  coordinates  in  which  the  transverse 
cross-section  has  the  form  of  a  canonical  ellipse.  The  val¬ 
ues  of  A E%,  A Ev  are  calculated  with  the  help  of  MAPLE 
codes.  Note  that  for  the  KV  distribution  we  have  = 
A Ev  =  0.  Besides,  if  the  arbitrary  distribution  p(x,  y)  = 
Po$(k?)  is  a  polynomial  of  n-th  order  with  respect  to  the 
variables  n\  the  functions  A E$  and  A En  are  polynomials 
of  (2 n  +  l)-th  order  with  respect  to  the  variables  £  and  77. 
Then  we  can  return  to  the  coordinates  x,  y  referenced  to  a 
beamline  system. 

3  THE  MOTION  EQUATION 

3. 1  The  Motion  Equation  for  a  Particle 

For  a  nonbunched  beam  (the  longitudinal  self-electric  field 
is  missing)  the  motion  equation  for  single  particle  can  be 
written  in  the  following  matrix  form 

^  =  E{p^W  +  PLfci/(«)}^[fc!- 

k=l 

The  matrices  P \^.t  and  describe  the  external  and 

space-charge  fields  correspondingly  [4]. 

3.2  Transfer  Map  in  the  Presence  of  the  Space- 
Charge 

It  is  known  that  the  Lie  algebraic  tools  is  very  valuable  tools 
to  studying  beam  dynamics  without  space-charge.  The  Lie 
map  satisfies  to  the  following  linear  operator  equation 

=  £0  A4(s|s0),  (2) 

where  M (s|so)  is  a  time-displacement  operator  (Lie  map) 
between  moments  s0  and  s: 

M:X0->X  =  M(s\so)-X0. 

and  £  is  a  Lie  operator  associated  with  a  generating  vector 
field.  If  the  beam  is  an  ensemble  of  noninteracting  particles 
then  the  operator  £  depend  only  on  beamline  parameters. 
If  we  have  to  take  into  account  the  space-charge  forces  the 
Lie  operator  will  depend  on  beam  characteristics  and  as 
result  it  will  depend  on  the  Lie  map.  In  this  case  we  use 
nonlinear  motion  equation  for  Lie  map  already: 

dMidSslS0)  =C(M)oM(s\s0).  (3) 

In  the  frame  of  the  matrix  formalism  [2]  we  can  represent 
this  map  in  the  form  M:  X0  ->  X  =  A4(s|so)  •  Xo, 

3.3  The  Matrix  Formalism  for  Lie  Map 

According  to  the  matrix  formalism  [2]  we  can  write 

OO 

X  =  M(s\so)-Xo  =  ^Mlk(s\so)xlk],  (4) 

*=i 


where  Mlfc  are  matrices  which  can  be  calculated  with  the 
help  of  the  matrix  formalism  tools. 

According  to  our  suggestions  the  beam  particles  occupy 
some  elliptical  cross-section  9Jlo  in  an  initial  state: 

OTo  =  {X0  :  *0*A“Xo  <  l}- 

As  we  mention  above  in  the  presence  of  the  space-charge 
the  motion  equation  for  the  map  M  assume  a  nonlinear 
form.  For  the  solution  of  this  equation  in  this  paper  we 
propose  the  method  of  step-by-step  approximations.  The 
basic  idea  of  this  method  in  our  case  is  to  calculate  the  dis¬ 
tribution  function  according  to  the  algorithm  described  in 
[4]). 

From  the  known  properties  of  Lie  maps  we  can  write 
for  an  arbitrary  function  of  an  initial  distribution  fo(X)  — 

f(X,s0 ):  f(X,s)  =  /0(AI_1(s|so)  •  X).  In  our  case 

00 

we  have  A4-1(s|so)  •  X  =  Tlfc(s|so)2ft,:l,  where 

*=o 

T10  =  —  M10,  T11  =  (M11)-1  and  other  matrices  T1* 
for  k  >  1  can  be  calculated  with  the  help  of  the  recurrent 
generalized  Gauss’s  algorithm  using  the  matrices  Mu. 
It  is  worthy  to  note  that  according  to  this  algorithm  one 
should  inverse  only  the  matrix  M11  and  then  use  only  ma¬ 
trix  operations  for  calculation  the  necessary  matrices  T1* 
up  to  the  desired  order.  So  after  some  calculations  we  can 
obtain  the  following  equation 

f(X,s)=MM-'X)  = 

Jfc=l 

OO  OOOO 

k—l  l=k  j=k 

Bij  _  (Tw)*A^}TfcL 

For  the  test  of  the  convergence  of  our  approximations  meth¬ 
ods  the  following  condition  can  be  used 

\\f(M^1oX)-f(Mi1oX)\\< 

<P\\f{M-kloX)-}{M-kl1oX)\\ 

for  (3  <  1,  k  -is  an  iterative  loop  number.  The  constant  of 
this  method  (3  can  be  calculated  as  a  function  of  the  initial 
beam  characteristics  and  the  beamlines  parameters.  The 
condition  /3  <  1  allows  the  limitations  on  the  step  values 
Is*  -  Sfc_i|  =  A Sk  to  be  calculated  which  guarantee  the 
fulfilment  of  the  inequality  /3  <  1. 

4  COMPUTER  EXPERIMENTS 

The  approach  discussed  above  was  used  for  some  practical 
problems:  the  halo  formation  problems.  The  correspond¬ 
ing  computer  experiments  was  developed  both  in  symbolic 
(with  the  help  of  MAPLE  codes)  and  in  numerical  modes. 
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The  symbolic  investigation  was  carried  out  with  main  pur¬ 
pose  to  understand  what  parameters  have  the  sufficient  in¬ 
fluence  on  halo  production.  For  this  task  we  studied  the 
images  of  an  initial  beam  state  (in  the  distribution  function 
terms)  and  used  the  concepts  of  virtual  scrapers  for  investi¬ 
gation  of  what  parts  of  the  initial  beam  give  the  basic  con¬ 
tribution  to  halo  formation.  According  to  this  approach  we 
transform  the  aperture  boundaries  of  virtual  scrapers  with 
the  help  of  inverse  maps  from  some  current  sections  to  the 
initial  point.  Changing  the  aperture  values  one  can  select 
’’tails”  part  of  the  initial  distribution.  This  approach  demon¬ 
strated  its  advantages  and  flexibility.  As  an  example  on  the 
Figure.  1  the  initial  and  current  phase  distribution  functions 
are  demonstrated.  On  the  pictures  a) — d)  one  can  see  the 
images  of  the  initial  function  for  some  moment:  on  the  part 
a)  -  the  image  of  total  distribution  function,  on  the  part  b) 
-  the  image  of  tails  particles  and  on  the  part  c)  -  the  image 
of  the  intermediate  particles,  on  the  part  d)  -  the  image  of 
the  central  core  particles.  We  should  note  that  for  most  dis¬ 
tribution  function  the  core  particles  give  the  corresponding 
contribution  to  halo.  The  most  extreme  particles  from  the 
tail  part  remain  in  halo  if  they  reach  it  once.  One  can  see 
on  the  presented  pictures  different  phases  of  halo  forma¬ 
tion  for  two  parts  of  initial  beam  state:  the  first  is  evaluated 
from  central  part  which  is  small  enough  and  the  second 
is  evaluated  from  particles  which  form  so-called  ’’tail”  of 
distribution  function  which  can  be  defined  using  the  virtual 
scraper  concept. 
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Figure  1 :  The  initial  model  distribution  function  and  3D- 
contourplots  for  different  parts  of  the  initial  distribution 
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TRANSVERSE  NONLINEAR  FOCUSING  OF 
NONSTATIONARY  SPACE  CHARGE  DOMINATED  BEAMS* 

A.I.Borodich+ ,  ISER,  Minsk 


Abstract 

The  general  analytical  and  numerical  scheme  to  calculate 
the  parameters  of  high  intensity  beam  being  transported  is 
considered.  Nonlinearities  of  external  fields  and  space 
charge  are  taken  into  account.  The  matching  conditions 
for  a  beam  and  focusing  system  aren’t  required.  Lie 
algebraic  technique  was  applied  to  derive  the  dynamic  and 
the  field  equations  selfconsistently.  The  distribution 
function  and  the  macroscopic  parameters  of  a  beam  at  any 
transport  channel  cross-section  were  calculated  in  the 
framework  of  the  Heisenberg  picture  in  statistical 
mechanics.  The  computer  code  was  carried  out  and 
verified.  Test  results  are  represented. 

1  INTRODUCTION 

To  calculate  the  main  dynamic  parameters  of  the 
continuous  relativistic  high-current  beam,  being  focused, 
at  any  cross-section  of  the  transport  channel  one  should 
operate  with  altering  distribution  function  of  transverse 
coordinates  and  momenta  of  charged  particles.  For  chosen 
temporal  and  spatial  scales  interaction  between  particles 
inheres  in  collective  behavior,  charged  plasma  assumes  to 
be  collisionless.  Therefore,  firstly,  one  may  consider  a 
beam,  submitted  to  the  electromagnetic  fields  of  focusing 
elements,  as  the  Hamiltonian  system.  Secondly,  to 
calculate  the  macroscopic  parameters  of  a  beam  we  may 
evaluate  one  particle  distribution  function 
g (x,y,  px, p v',z)  that  satisfies  the  Vlasov  equation. 

For  the  realistic  transport  channels  operations  with  a 
small  parameter  and  linearized  selfconsistent  equations 
are  not  valid.  One  should  implement  nonpertubative 
methods  to  step  forward.  In  [1]  to  apply  Lie  algebraic 
techniques  were  proposed  and  stationary  case  was 
examined.  Nonstationary  focusing  was  considered  in  [2] 
on  the  basis  of  the  quasi-stationary  plasma  model  by  the 
algebraic  methods.  In  this  paper  the  general  solution  of 
nonlinear  focusing  of  nonstationary  space  charge 
dominated  beam  is  discussed. 

2  TRANSFER  MAP  CALCULATION 

Let’s  consider  4D-phase  space  of  transverse  canonical 
conjugated  coordinates  and  momenta  of  the  continuous 
charged  particle  beam.  The  actions  of  the  transfer  map 
M  ,  which  brings  about  the  symplectic  manifold 

'  Work  supported  by  the  FFR  of  Republic  of  Belarus,  grant  M96-065 
*  Email:  bor@isir.minsk.by 


automorphisms,  on  the  phase  variables  vector 
t)(x,y,Px  ,Py )  and  on  the  dynamic  function  w(^)  are 

defined  as  £,(z)  =  and  u( z )  =  M«(^)  .  An 
independent  variable  z  is  the  coordinate  along  the 
reference  trajectory.  It  is  essentially,  that  the  transfer  map 
implementation  allows  operating  with  one-particle 
Hamiltonian.  If  the  initial  coordinates  and  momenta 
values  of  an  arbitrary  particle  are  known  at  z—  0 ,  i.e.  at 
the  start  point  of  the  transport  channel,  using  the  operator 
M  one  may  calculate  them  at  any  z  ,  i.e.  at  any  cross- 
section  of  the  transport  channel. 

One-particle  Hamiltonian  H{^,z)  ,  that  governing  the 
continuous  beam  transverse  dynamics,  may  be  expressed 
with  sufficient  accuracy  as  a  finite  sum  of  m-forms.  This 
is  legitimate  provided  that  the  transverse  energy  of  an 
arbitrary  particle  is  considerably  less  then  its  oriented 
motion  energy.  The  number  of  the  m-forms  depends  on 
the  accuracy  required.  Without  the  loss  of  generality  we 
will  be  concerned  with 

H(l±,z)  =  H1+H,+Ht  .  (I) 

Summation  over  repeated  indexes  is  implied.  Matrixes 
Sy ,  Tjjk ,  L;jkl  are  symmetric  for  any  pair  of  indexes  and 
depend  on  z . 

Taking  into  consideration  (1)  it  is  reasonable  to  find  out 
the  transfer  map  M  structure  according  to  the  Dragt-Finn 
factorization  theorem  [3]: 

M  =  exp(:  f4  :)  exp(:  f3  :)  exp(:  f2  :) , 

where  :  fm  :  is  the  Lie  operator  associated  with  the 

homogeneous  polynomial  of  degree  m. 

The  dynamic  equations  for  the  transfer  map  factors 
were  received  in  [3].  After  algebraic  manipulation  they 
are  casted  into  the  matrix  form: 

=  ^ia^ab^bj  ’ 

A  ,  (2) 

=~LBbciM  aiMbjM  ckM  a  — 

-  9  /  2  ■  FcijjTabcM  arM  hkM  clJ  dr  . 
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Here  M  (z)  =  exp(:  f2  :) ,  /3  =  Fijk  , 

/4  =  •  Matrixes  M  ij,Fijk,Gijkl  are 

also  symmetric  for  any  pair  of  indexes  and  essentially 
dependent  on  z  ■  The  unitary  symmetric  and  skew- 
symmetric  matrixes  are  denoted  as  Iy  and  7- .  The 
differential  equations  (2)  have  to  be  solved  subject  to 
Ms(z  =  0)  =  /s,Fs,(z  =  0)  =  0,Gsa(z=0)  =  0. 

If  the  explicit  form  of  the  transfer  map  M  is  known, 
one  may  calculate  changed  in  time  values  of  a  phase 
variable  vector  ^  according  to 

5(z)  =  A^  +  (:/3:)M5  + 

+  (^-)il^  +  (:/4:)M5  ,  (3) 

a  dynamic  function  it(^)  -  according  to 

m(£(z))  =  u{M^)+u{(:  /3  :)M£)+ 

+  +M((:/4:)M^)  ,  (4) 

a  beam  macroscopic  parameter  U (z)  -  according  to 
U(z)  =  J dxj dyj dpx  J dpy  x 

u(^(z))g(x,y,px,py)  .  (5) 

The  last  formula  assumes  that  averaging  the 
microscopic  dynamic  function  over  an  ensemble  of 
particles  implies  the  Heisenberg  picture  in  statistical 
mechanics. 

To  evaluate  the  dynamic  equations  (2)  one  should  know 
the  z  -dependence  of  the  S,T,L  matrixes.  A  nontrivial 
question  is  to  evaluate  the  electromagnetic  terms  in  the 
Hamiltonian  (1).  The  electromagnetic  forces  acting  on  a 
beam  particle  are  due  to  the  external  fields  of  focusing 
elements  and  to  the  interaction  of  a  particle  with  its 
environment. 

3  FOCUSING  SYSTEM  POTENTIALS 

If  in  particular  the  magnetic  focusing  system  is  used  to 
transport  high-current  relativistic  beam,  we  have 

tpf,eld  O,  y;  z)  =  0 .  As  for  the  vector  Af'eld(x,  y',z), 
its  components  are  calculated  analytically  in  3  stages  for 
each  focusing  element. 

1)  Solve  the  Laplace  equation  for  the  magnetostatic 
potential  U (x,  y,  z)  taking  into  account  the  boundary 

conditions  implied  by  the  magnetic  field  symmetry. 

2)  Calculate  the  components  of  the  magnetic  induction 
B(x,  y,  z)  from  B(x,  y,  z)  =  gradt/ (x,  y,  z) . 

3)  Obtain  the  vector  potential  A(x,  y,  z)  projections 
from  rotAO,  y,  z)  =  BO,  y,  z) . 


4  SPACE  CHARGE  POTENTIALS 

To  calculate  (p 6631,1  (x,  y;  z)  one  should  solve  the  Poisson 
equation.  Its  solution  at  an  arbitrary  point  Oo>  To)  of  the 
beam  cross-section  at  some  z  is 

<?beam  O0 .  To ;  z) = *y’  J  dPx  J  dPy  x 

Eo  vo 

G(x0 ,  y0 ,  x\  y')g(x\  y',p'x,  p'y )  ,  (6) 

where  7  is  a  beam  current,  V0  is  a  reference  particle 

velocity,  £0  is  a  dielectric  permittivity  of  free  space.  And 

G(x o ,  y0 ,  x\  y')  denotes  the  Green’s  function. 

It  should  be  noted  that  the  limits  of  integration  over 
x ',y',p'x,p'y  are  unknown.  In  general  case  one  must 

substitute  the  initial  variables  x,y,px,py  for 
transformed  variables  x',  y',  p'x,  p'y  in  the  integral,  that 
should  be  of  the  form  (5).  As  a  result  we  conclude,  that 
integration  involves  the  inverse  transfer  map  M  1 . 

But  if  the  initial  distribution  g(x,y,  px,  pr)  is  the 

Gaussian,  transformed  distribution  g(x',y',  p'x,  p'y) 

will  be  the  Gaussian  too.  Moreover,  if  variables  in 
g(x,  y,  px,py)  are  not  coupled,  the  same  is  valid  for 

variables  in  g(x',  y',  p'x ,  p'  )  .  And  for  that  distribution 
we  may  establish  the  limits  of  integration  in  (6)  through 
the  values  a'  =  V<  *'2  >,  <*',  =  y<  y'2  >  and 

A,'  =  yj<  px  >Xy  =tJ<  Py2  >  according  to  the  "3 
sigma"  rule. 

After  integrating  over  momenta  (6)  takes  the  form 
1  I  3o*  3°’ 

Vbeam(x0,y0-,z)  = - \dx'  \dy'  x 

E0  V0  -3o't  -3o't 


G(x0,y0,x',y') 


i  '2  /2 

--  ~7T  +  ~7T  C7) 

or  av 


(2K)a;a;  ^  2  [a'/  a'/jj 

Variable  substitution  x'-*x'/o'x,  y'  — >  y' / Oy 
allows  choosing  G(x0,y0,x',  y')  as  the  Green’s 


function  of  the  inner  Dirichlet  problem  for  a  circle  [4]. 

When  the  explicit  form  of  the  transfer  map  M  is 
known,  we  integrate  (7)  numerically  at  the  knots  of  a 
spatial  net,  which  covers  the  cross-section  of  a  beam. 
Hence,  to  calculate  the  transfer  map  factors,  firstly,  we 

should  represent  tp 663,11  (x\  y'\  z)  as  a  finite  sum  of  in¬ 


forms  according  to  (1).  Secondly,  we  should  establish  the 
Z  -dependence  of  the  coefficients  of  the  m-forms. 

To  satisfy  the  first  requirement  we  consider 
(pteam  .y'.  ^  a$  a  functjon  0f  2  variables  x',  y'  and 
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1  parameter  z  .  It  is  substantial,  that  the  function  is 
defined  within  the  circle.  Using  the  Chebyshev 
polynomials  as  a  complete  set  of  orthogonal  functions  we 

decompose  cp663"1  (jr*, )/;  z)  on  the  polynomials  of 

x',  y'  up  to  the  4-th  degree.  Coefficients  Cy  (z)  of  an 

approximation  are  calculated  by  the  least  squares  method. 
Due  to  the  elliptic  symmetry  we  evaluate  only  5  of  them. 
As  the  result  should  be  expressed  in  variables  of  (7),  after 
the  inverse  substitution  x'  — >  o'  ■  x' ,  y'  — >  C>\.  •  y'  we 
have 

<ptom  (/,  /;z)  =  C20  (z)*'2  +  C02  ( z)y '2  + 

+  Q,  ( z)x 4  +  CM  (z)  /4  +  C22(z)x'2  y'2  . 

To  satisfy  the  second  requirement  we  consider 
qjbeam  -y';  as  a  function  of  1  variable  Z  and  2 

parameters  x',  y' .  It  is  substantial,  that  any  Cy(z)  is  a 

monotonous  function  within  some  focusing  element.  So 
one  may  construct  the  empiric  formula  with  2  parameters 
for  each  Cy  (z)  within  each  focusing  element.  We  use 

the  modified  method  of  averages  to  establish  the  type  of  a 
formula  and  compute  its  parameters. 

To  calculate  A  61:31,1  (.t’,  T^z)  we  solve  the  vector 
Poisson  equation  in  the  same  manner.  If  there  is  no  a  shift 
of  the  beam  centroid,  one  may  use  Ax  =  Ay  =  0 , 

z  {x,y  ;z)=-y<p  ( x,y;z )-  In  general 

c 

case,  the  decomposition  of  functions  and  the  construction 
of  formulas  lead  to 

A^ix'  ,/;z)  =  D20(z)*'2  +D02(z)/2  + 

+  D40(z)x'4  +  DM(z)y'4  +D22(z)^,2t,z  • 

5  FRINGE  QUADRUPOLES  FOCUSING 

As  an  example  we  consider  nonlinear  focusing  of  an 
electron  nonstationary  space  charge  dominated  Gaussian 
beam  in  a  fringe  magnetic  quadrupole  channel.  The 
algebraic  approach  discussed  above  was  implemented  to 
the  computer  code  LIE_HEI  written  in  Fortran-90. 

Let  a  beam  current  is  7  =  100  A,  a  reference  particle 
energy  is  E0  =  1  MeV,  initial  centroid  parameters  are 
jc(0)=0.375xl010  m,  y(0)  =  -0.575xl0'9  m,  initial 
sizes  are  3:  (0)  =0.25x1  O'2  m,  y(0)  =0.25x1  O'2  m, 

initial  divergences  are  of  1  %. 

Let  a  quadrupole  channel  is  of  the  total  length  1.25  m 
and  consists  of  3  lenses  with  lengths  0.375,  0.5,  0.375  m 
respectively.  Each  lens  has  the  same  values  of  the  gradient 
g  =0.025  Tl/m  and  its  second  derivative  g"  =0.001 
Tl/m3. 


In  that  case  of  small  nonlinearities  the  moments 
approach  may  be  used  to  treat  the  example  [4], 

Figures  1  and  2  depict  the  transverse  beam  sizes  and  the 
beam  centroid  parameters  respectively  as  functions  of  z 
in  SI  units.  The  solid  curves  concern  the  moments  method 
[4]  and  the  dashed  ones  concern  the  algebraic  approach.  It 
is  clear,  that  results  of  different  methods  are  in  complete 
agreement  with  each  other. 


S.OOE-2  — — 


Figure  1 :  Transverse  beam  sizes  variations. 
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Figure  2:  Beam  centroid  parameters  variations. 

6  CONCLUSION 

The  analytical  approach  to  solve  the  problem  of 
nonstationary  nonlinear  focusing  of  a  high-current  beam 
was  developed.  It  uses  the  most  general  equations  that 
govern  a  beam  dynamics.  And  it  means  that  the  method 
may  have  various  applications  in  charged  particle  beam 
physics  and  accelerator  science. 

Also  it  should  be  noted,  that  using  in  particular  the 
Heisenberg  picture  allows  to  solve  the  dynamic  equations 
and  calculate  the  beam  parameters,  including  its  emittance 
and  brightness,  in  the  same  manner  and  without  a  concern 
about  the  distribution  evaluation. 
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A.I.Borodich+.  ISIR,  Minsk,  I.A.Volkov,  BSU,  Minsk 


Abstract 

The  problem  to  determine  focusing  field  configuration 
that  provides  the  minimal  transverse  emittance  growth  of 
an  intense  continuous  beam  at  the  end  of  the  transport 
channel  is  considered.  Nonlinear  terminal  Mayer  problem 
of  optimal  control  related  with  nonstationary  space  charge 
dominated  beam  transport  by  fringe  magnetic  quadrupoles 
was  formulated.  Then  it  was  reduced  to  the  quadrupoles 
parameters  optimization.  Squared  transverse  rms 
emittance  of  a  beam  was  casted  as  the  quality  criteria. 
Matrix  differential  equations  [1]  for  the  transfer  map 
factors  together  with  the  integral  equations  [1]  for  space 
charge  potentials  were  evaluated.  The  solutions  of  the 
optimization  problem  were  received  by  the  Nelder-Mead 
method  combined  with  the  penalty  functions.  The 
computer  code  was  carried  out  and  verified.  Test  results 
are  represented. 

1  INTRODUCTION 

The  design  of  focusing  systems  provide  the  minimal 
transverse  emittance  growth  of  an  intense  relativistic 
beam  has  been  one  of  the  central  challenges  in  charged 
particle  beam  physics  and  accelerator  science  for  some 
decades.  From  the  mathematical  viewpoint  minimizing 
the  emittance  is  a  problem  of  the  optimal  control  theory 
[2].  It  is  formulated  for  a  system  of  differential  equations 
that  govern  the  dynamics  of  an  object  under  a  control  in 
order  to  find  out  the  minimum  of  some  functional,  for 
example,  the  transverse  rms  emittance. 

Considerable  difficulties  will  emerge  often  in  the 
optimal  control  theory  while  the  minimum  of  a  functional 
is  calculated.  Therefore,  when  some  physical  process  is 
under  the  examination,  one  should  reduce  the  optimal 
control  problem  to  the  problem  of  optimization,  i.e.  to 
find  out  the  minimum  of  the  function  of  many  variables. 
For  this  purpose  it  is  recommended  [3]  to  approximate  the 
control  function  by  a  set  of  independent  polynomials  and 
to  use  the  conjugated  variables  for  calculating  the  quality 
criteria  gradient. 

2  OPTIMIZATION  SCHEME 

We  consider  continuous  nonstationary  high-current  beam 
with  the  Gaussian  distribution  as  initial.  The  matrix 
differential  equations  for  the  transfer  map  factors 

’  Work  supported  by  the  FFR  of  Republic  of  Belarus,  grant  M96-065 
+  Email:  bor@isir.minsk.by 


together  with  the  integral  equations  for  space  charge 
potentials  are  used  in  frame  of  the  algebraic  approach  for 
transverse  nonlinear  focusing  [1].  Calculation  of  beam 
macroscopic  parameters,  including  the  transverse  rms 
emittance,  implies  the  Heisenberg  picture  in  statistical 
mechanics.  Notations  of  physical  values,  that  are 
involved,  are  the  same  as  in  [1], 

Let  the  focusing  system  consists  of  the  magnetic 
quadrupoles  cascading  axially.  Also  the  drifts  may  be 
inserted  between  the  lenses.  Scalar  potential  is 

(x,_y;z)  =  0 ,  and  the  components  of  vector 
potential  A^'eld  ( X,y;z )  including  the  fringe  fields  are 

4/e,d(x,y;z)  =  jg'(z)(x3  -xy2), 
A/‘M(x,y;z)  =  ^g'(z)(-y3  +x2y), 
A/'eld(x,y;z)  =  ^g(z)(y2  ~x2)~ 
~g(z)(y4~x4), 

where  g(z )  is  the  gradient  of  a  single  magnetic 
quadrupole  lens,  g'(z),g"(z)  are  its  derivatives  with 
respect  to  an  independent  variable  z  . 

The  Mayer’s  problem  of  optimal  control  is  stated  as: 
determine  physical  parameters  of  magnetic  quadrupoles 
(magnitudes  of  gradients,  values  of  the  first  and  the 
second  derivatives  of  gradients)  as  functions  of  the 
longitudinal  coordinate  z ,  which  provide  the  minimal 
transverse  rms  emittance  of  an  intense  continues  beam  at 
the  end  of  the  transport  channel. 

This  is  nonlinear  terminal  problem  of  optimal  control  as 
the  total  length  of  the  transport  channel  is  fixed.  It  is 
reduced  in  the  standard  manner  [3]  to  the  problem  of 
optimization  of  parameters  of  the  quadrupoles  and  drifts. 

The  quality  criteria  (the  objective  functional  or  merit 
functional)  is  squared  transverse  rms  emittance  of  a  beam 

Q=<x2  ><  p2x  >-<  xpx  > 2  + 

+  <y2  ><p]  >~<ypy  >2  , 

where  the  angular  brackets  mean  averaging  the  physical 
values  over  an  ensemble. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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Each  quadrupole  possesses  4  parameters:  the  length  of 
a  lens,  the  magnitude  of  gradient,  the  value  of  the  first 
derivative  of  gradient,  the  value  of  the  second  derivative 
of  gradient.  Each  drift  possesses  1  parameter:  the  length 
of  free  space. 

The  assumption  we  make  is  that  the  action  of  each  lens 
is  independent  of  the  others.  It  means  we  neglect  the  fields 
of  one  lens  tend  to  leak  into  the  region  of  any  adjacent 
lenses  [4].  Also  we  model  the  action  of  each  lens  using 
the  "hard-edge"  approximation.  But  both  linear  and 
nonlinear  focusing  forces  of  a  lens  are  taking  into  account. 

As  a  result  of  optimization  4  parameters  (3  physical  and 
1  geometrical)  for  each  lens  plus  the  lengths  of  all  drifts 
should  be  determined.  The  total  number  of  parameters  of 
optimization  is  n=4m+m-l,  where  m  is  the  number  of 
quadrupoles.  We  employ  the  Nelder-Mead  method  to 
compute  the  optimal  values.  It  is  the  regular  search 
method  of  the  zero  order  and  uses  the  simplex  in  n- 
dimensional  space  of  the  parameters  of  optimization. 

The  general  calculated  scheme  to  obtain  the  optimal 
focusing  system  parameters  for  a  transport  of  an  intense 
continuous  beam  with  the  initial  Gaussian  distribution  on 
coordinates  and  momenta  looks  as  it  follows. 

1.  Define  the  initial  configuration  of  focusing  fields, 
which  is  determined  by  n  parameters,  and  make  the  initial 
simplex. 

2.  Compute  the  transfer  map,  having  the  dynamic 
equations  for  its  factors,  from  the  start  point  z‘m  to  the 

end  zfm  of  the  transport  channel. 

3.  Compute  the  second  moments  as  the  average 
physical  values  in  the  Heisenberg  picture,  using  the 
known  transfer  map  factors,  at  the  end  of  the  transport 

channel  Zfm . 

4.  Calculate  the  terminal  meaning  of  the  quality  criteria, 
which  corresponds  to  the  initial  configuration  of  focusing 
fields. 

5.  Make  an  advanced  simplex,  according  to  the  Nelder 
&  Mead  idea  to  move  it  toward  the  optimum,  and  define 
the  advanced  configuration  of  focusing  fields. 

Then  we  repeat  actions  following  steps  2-5  until  obtain 
the  minimum  of  the  quality  criteria  as  a  function  of  n 
parameters  with  prescribed  accuracy. 

Three  main  operations  are  used  to  transfer  the  simplex 
with  (n+1)  vertices  in  n-dimensional  space.  The 
coefficients  of  reflection,  stretching  and  compression  are 
(X  =  1 ,  P  =  0.5  ,  7  =  2  ,  as  it  is  recommended  in  [5], 

Also  the  additive  penalty  function  are  implemented  in 
the  optimization.  It  provides  the  beam  "effective" 
transverse  size  3o'x 3o'y)  is  no  greater  than  the 
transport  channel  aperture  as  well  as  the  beam  "effective" 
transverse  momentum  (~  3'h'x,~  3X.’)  never  exceeds 
the  longitudinal  one. 

It  was  the  outer  cycle  implies  the  regular  search  for  the 
quality  criteria  function  minimum.  There  is  also  two  inner 


cycles  to  compute  the  transfer  map  in  selfconsistent 
manner  together  with  the  space  charge  calculation. 

The  transport  channel  consists  of  the  focusing  elements. 
And  every  focusing  element  is  conditionally  divided  with 
respect  to  the  z  variable  onto  5  sections  (6  calculated 
points).  Data  received  are  stored  for  statistics  to  construct 
the  empiric  formulas  for  unknown  functions  C,y(z)  and 

D  ,(*)  within  each  focusing  element.  We  use  the 

modified  method  of  averages  to  establish  the  type  of  each 
empiric  formula  and  calculate  its  2  parameters.  The 

transfer  map  from  Zm‘  to  zfin  is  computed  into  2  stages. 

In  the  first  stage  we  deal  with  the  sections.  Every  time 
we  calculate  the  transfer  map  from  the  start  point  z,  to 

the  end  of  the  current  section  (z0=z'"', 

Zj  =  Zfm ).  All  the  coefficients  C„  and  Dy  are 

constant,  and  we  derive  the  dynamic  equations  for  the 
current  section  transfer  map  factors.  So,  the  transfer  map 

from  zmi  to  zfin  is  a  consequence  of  transfer  maps  from 
Z/  toz(+I. 

In  the  second  stage  we  deal  with  the  elements.  Every 
time  we  calculate  the  transfer  map  from  the  start  point  Zk 

to  the  end  Zk+X  of  the  current  element  (z0  =z“  , 

ZK  —zfn  ).  All  the  coefficients  CjJ(z )  and  D,y(z) 

are  known  functions  of  z ,  and  we  derive  the  dynamic 
equations  for  the  current  element  transfer  map  factors.  So, 

the  transfer  map  from  z”  to  Z  fn  is  a  consequence  of 
transfer  maps  from  Zk  to  Zk+X . 

3  FRINGE  QUADRUPOLES 
OPTIMIZATION 

The  optimization  scheme  discussed  above  is  an  algorithm 
for  computer  code  LIE_OPT  written  in  Fortan-90.  Matrix 
differential  equations  are  computed  by  the  Runge-Kutta- 
Merson  method  of  the  4-th  order.  Four-dimensional 
integrals,  used  to  calculate  the  beam  macroscopic 
parameters,  are  executed  by  the  Monte-Carlo  method. 
Two-dimensional  integrals,  used  to  calculate  space  charge 
potentials  values,  we  evaluate  by  the  Gauss  method  for 
hyper-rectangles. 

As  an  example  we  consider  the  optimization  of  a  fringe 
magnetic  quadrupole  channel  without  drifts. 

Let  an  electron  Gaussian  beam  current  is  /  =  100  A,  a 
reference  particle  energy  is  E0  =  1  MeV,  initial  centroid 
parameters  are  x~(0)  =  0,  j(0)  =  0,  initial  sizes  are 
3c(0)=  0.25x10 2  m,  3?(0)  =  0.25xl0'2  m,  initial 
divergences  are  of  1%. 

Let  a  quadrupole  channel  consists  of  10  lenses  of  the 
same  length. 
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The  goal  is  to  obtain  the  optimal  values  of  the  gradient 
g  and  its  second  derivative  g"  for  each  lens. 

To  facilitate  our  task  we  require  each  quadrupole 
produces  the  same  fringe  field.  It  means  that  additional 
constraints  should  be  included  in  the  penalty  function. 

Figure  1  depicts  the  initial  and  optimal  gradient  values 
of  each  quadrupole  in  SI  units.  Solid  line  specifies  the 
initial  focusing  field  configuration  as  a  quadrupole  super 
triplet.  Corresponding  variations  of  the  beam  envelopes 
along  the  transport  channel  in  SI  units  is  shown  on  figure 
2  also  in  solid.  Dashed  lines  on  the  figures  1  and  2 
concern  the  optimal  quantities. 

At  the  end  of  a  transport  channel  the  initial  value  of 
squared  transverse  rms  emittance  of  a  beam  is 

Q°  =2.65x10 7  m/rad2,  and  the  optimal  one  is 
Qopt  =  1.87xl07  m/radJ.  The  optimal  meaning  of  fringe 
fields  is  specified  by  g"  =  -0.2  Tl/m3.  They  are 
responsible  for  the  partial  compensation  of  space  charge 
nonlinearities.  It  leads  to  some  reduction  of  the  rms 
emittance  growth. 


the  beam  sizes  while  using  in  particular  the  fringed 
magnetic  quadrupoles. 

4  CONCLUSION 

The  optimization  technique  described  here  may  be  used  in 
computer  simulations  for  high-current  continuous  beam 
transport  to  provide  the  minimal  emittance  growth. 

The  major  advantage  of  this  approach  is  that  it  uses  the 
most  general  equations  that  govern  the  dynamics  of 
nonstationary  space  charge  dominated  beam.  Also  it  is 
important  that  focusing  field  nonlinearities  may  be 
included  in  the  group  of  controls. 

The  major  drawback  is  that  technique  searches  only 
local  minimum.  Therefore  in  future  work  the  procedure  of 
picking  a  starting  point  in  the  space  of  parameters  will  be 
adjusted. 
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Figure  1:  Arrangements  of  qudrupoles  and 
their  gradient  values. . 


Figure  2:  Beam  envelopes  variations. 

We  should  also  mark  another  nontrivial  result,  that 
follows  from  the  solution  of  the  optimal  transport  of  high- 
current  continuous  beam.  It  is  possible  to  minimize  the 
transverse  rms  emittance  growth  without  any  increase  of 
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Abstract 

Test  particle  motion  is  analyzed  for  a  matched  intense 
charged-particle  beam  in  a  periodic  focusing  solenoidal 
magnetic  field  to  assess  the  effects  of  beam  intensity  on 
inducing  chaotic  particle  motion  and  halo  formation. 


Budker  parameter  v  =  N^q1  /me2  for  the  beam  is  small 
compared  with  7;,;  (b)  the  axial  momentum  spread  of  the 
beam  particles  is  small  in  comparison  with  7 (,m/?bc;  (c)  the 
beam  is  axisymmetric  (8/ 80  =  0);  and  (d)  the  beam  is  per¬ 
fectly  matched  into  the  focusing  field  with  uniform  density 
profile  over  the  beam  cross  section, 


1  INTRODUCTION 

Halo  formation  and  control  in  intense  charged-particle 
beams  has  been  the  subject  of  recent  vigorous  theoreti¬ 
cal,  computational  and  experimental  investigations  [1],  It 
is  of  fundamental  importance  in  the  development  of  next- 
generation  high-intensity  accelerators  for  basic  scientific 
research  in  high-energy  and  nuclear  physics  as  well  as  for 
a  wide  variety  of  applications  ranging  from  heavy  ion  fu¬ 
sion,  accelerator  production  of  tritium,  accelerator  trans¬ 
mutation  of  nuclear  waste,  spallation  neutron  sources,  and 
high-power  free-electron  lasers.  In  these  high-intensity  ac¬ 
celerators,  beam  halos  must  be  controlled  in  order  to  min¬ 
imize  beam  losses  and  activation  of  the  accelerator  struc¬ 
ture. 


2  THEORETICAL  MODEL 

We  consider  a  thin,  continuous,  intense  charged-particle 
beam  propagating  in  the  z -direction  with  characteristic  ax¬ 
ial  velocity  foe  and  kinematic  energy  7 (,771c2  through  the 
periodic  focusing  solenoidal  magnetic  field 

Bso'(x)  =  Bz(s)ez  -  ^B'z(s)(xex  +  ye y).  (1) 

Here,  ex  and  ey  are  unit  Cartesian  vectors  perpendicular 
to  the  beam  propagation  direction,  s  =  z  is  the  axial  coor¬ 
dinate,  xex  +  ye y  is  the  transverse  displacement  from  the 
beam  axis  at  (x,  y)  =  (0, 0),  the  superscript  ‘prime’  de¬ 
notes  d/ds  with  B'z(s)  =  dBz(s)/ds,  and  the  axial  com¬ 
ponent  of  magnetic  field  satisfies 

Bz(s  +  S)  =  Bz(s),  (2) 

where  S  is  the  axial  period  of  the  focusing  field. 

To  determine  the  self-electric  and  self-magnetic  fields 
consistently,  we  make  the  following  assumptions:  (a)  the 

*  This  research  was  supported  by  Department  of  Energy  under  Grant 
No.  DE-FG02-95ER-409 1 9  and  Contract  No.  DE-AC02-76-CH0-3073, 
and  by  Air  Force  Office  of  Scientific  Research  under  Grant  No.  F49620- 
97-1-0325.  The  research  by  R.  Pakter  was  also  supported  by  CAPES, 
Brazil. 


»»<r,S)  =  {»>'  (3) 


In  Eq.  (3),  r  -  (x2  +  y2)1/2  is  the  radial  coordinate, 
77  (s)  =  77  (s  +  S )  is  the  outer  envelope  of  the  beam,  and 
Nb  =  27 r  /0°°  n brdr  =  const,  is  the  number  of  particles 
per  unit  axial  length.  The  periodic  outer  beam  envelope 
Tb(s)  =  77 (s  4-  S)  corresponds  to  a  special  solution  of  the 
beam  envelope  equation  [2,3] 


d2n 

ds 2 


.  \  K 

+  Ks{s)rb - 

n 


(4) 


where  K  =  2q2Nb/'y/f3lmc2  is  the  normalized  perveance, 
kz(s)  =  [qBz (s)/ 27(,/?f,77ic2]2  =  [£lc{s)/2foc\2  is  the  fo¬ 
cusing  parameter,  eT  =  const,  is  the  total  unnormalized 
emittance,  q  and  m  are  the  particle  charge  and  rest  mass, 
respectively,  and  c  is  the  speed  of  light  in  vacuo.  The  trans¬ 
verse  phase-space  distribution  that  self-consistently  gener¬ 
ates  the  density  profile  in  Eq.  (3)  is  the  rigid-rotor  Vlasov 
equilibrium  distribution  with  angular  rotation  velocity  07 
[2]. 

In  cylindrical  coordinates  (r,  0)  in  the  Larmor  frame,  the 
equations  of  motion  transverse  to  the  direction  of  beam 
propagation  can  be  derived  from  the  normalized  Hamilto¬ 
nian 


H±(r,  Pr,  Pe,  s)  =  \  (p2  +  +  i«2(s)r2  +  i>{r,  s), 

(5) 

where  the  normalized  self-field  potential  ip(r,  s )  is  defined 
by 


f  f  [1  -  r2/r2b{s)\  +  K\n[rw/rb{s)}, 
V’(r,s)  =  <  0  <r<rb(s),  (6) 

[  K In \rw/r),  rb(s)  <r  <rw. 


3  ANALYSIS 

In  this  section,  we  analyze  the  particle  motion  in  the  Lar¬ 
mor  frame  described  by  Eq.  (5).  For  present  purposes,  the 
Hamiltonian  in  Eq.  (5)  is  expressed  as 

H±(r,Pr.Pe,s)  =  H0{r,Pr,Pe)  +  Hi(r,Pr,Pe,s),  (7) 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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where 


H0  =  -P2r  +  Vo(r,  Pe) 

in2  i_  2  Pi  ,, 

=  +  —  +^(r,s)|rt(.)=f1>, 


Hi  =  2^(s)  -  Kzlr2  +  ip(r,  s)  -  ip{r,s)\rb=fb.  (9) 

In  Eqs.  (7)-(9),  ip(r, s)  is  defined  in  Eq.  (6),  and  the  effec¬ 
tive  mean  beam  radius  fb  is  defined  by 

n  =  (srS/a)1'2,  (10) 

where  cr  =  eT  J^+S  ds/r2(s)  is  the  space-charge- 
depressed  phase  advance  for  the  rigid-rotor  Vlasov  equilib¬ 
rium.  The  effective  mean  focusing  parameter  Rz  occuring 
in  Eqs.  (8)  and  (9)  is  defined  by 

W  e-2 

Kz  =  ^  +  -i-  (ID 

Tb  rb 

Physically,  the  Hamiltonian  Hq  provides  a  good  ap¬ 
proximate  description  of  the  (slow)  betatron  oscillations, 
whereas  the  perturbation  Hi  describes  nonlinear  reso¬ 
nances  induced  by  the  (fast)  oscillations  in  kz(s)  and  rb(s). 

To  determine  the  betatron  oscillation  frequency,  we  em¬ 
ploy  the  Hamilton-Jacobi  method  and  perform  a  canonical 
transformation  from  (r,  Pr)  to  the  action-angle  variables 
(4>,  J).  Let  W(r,  J)  be  the  characteristic  function  satisfy¬ 
ing  the  partial  differential  equation 


1.00  1.25 


1.50  1.75 


Figure  1 :  Locations  and  full  widths  of  the  primary  reso¬ 
nances  of  order  n  =  3  to  6. 


Under  the  influence  of  the  perturbation  Hi,  a  variety 
of  nonlinear  resonances  occur  due  to  the  coupling  of  the 
(slow)  betatron  oscillations  and  the  (fast)  oscillations  in  the 
focusing  parameter  kz(s)  and  associated  modulation  in  the 
beam  envelope  rb(s).  The  locations  and  widths  of  the  non¬ 
linear  resonances  are  analyzed. 

Making  use  of  the  action-angle  variables  (</>,  J),  we  ex¬ 
press  the  total  Hamiltonian  H  formally  as 

H(<f>,  J,  Pe,s)  =  H0{J,  Pe)  +  Hi  (0,  J,  s).  (1 8) 

Expanding  Hi  in  a  Fourier  series  representation  in  <j>  and  s, 
we  obtain 


(  2  OO  DO 

+  Vo (r,P«)  =  Ho  =  const.  (12)  Hi  =  Y  Y  expWn<A  +  2«W^)]>  09) 

°r  )  n=— oo(=— oo 


As  discussed  below,  the  dependence  of  W  on  J  is  uniquely 
determined  because  of  the  one-to-one  correspondence  be¬ 
tween  Ho  and  J  [see  Eq.  (16)].  A  formal  expression  for  the 
angle  variable  0  is  given  by 

4,  =  dW/dJ.  (13) 

The  action  variable  J  can  be  expressed  as 

3 = h  / Prdr = l  f  {2[Ho  ~  y°(r’ Pe)]}1/2dr' 

(14) 

where  the  turning  points  r±  solve  the  algebraic  equation 

Ho  =  V0(r±,Pg),  (15) 

and  r+  >  r_  is  assumed.  Because  the  action  variable  J 
increases  monotonically  with  increasing  Ho,  Eq.  (14)  can 
be  inverted  to  yield  a  Hamiltonian  of  the  form 

H0  =  Ho(J,Pe).  (16) 

The  betatron  oscillation  frequency  can  then  be  expressed  as 
uip(J,Pe)  =  dHo/dJ ,  (17) 

which,  in  general,  must  be  evaluated  numerically. 


where  the  Fourier  coefficients  a„;(J)  are  determined  nu¬ 
merically.  Of  particular  interest  in  the  present  analysis  are 
the  primary  nonlinear  resonances  that  satisfy  the  resonance 
condition 

nuip(Jn,  Pe)  =  27 r/5,  (20) 

where  Jn  determines  the  location  of  the  primary  resonance 
of  order  n  in  the  phase  space  (<fr,  J),  i.e.,  at  J  —  Jn.  The 
full  width  of  the  nth-order  primary  resonance  is  estimated 
to  be 


a  ( dr 

Ar-  =  (aj 


Pe,J—Jn 


32|an,_i(Jn)|  11/2 
(dujp/dJ)j=Jn_ 


in  the  radial  coordinate. 

Figure  1  shows  the  locations  and  full  widths  of  the  pri¬ 
mary  resonances  of  order  n  =  3  to  6  obtained  for  the 
choice  of  system  parameters  corresponding  to  av  —  80° 
(. S2kz  =  8.712),  t ]  =  0.2,  cr  =  26.2°  (SK/eT  =  3.8), 
uib  =  0  and  Pe  =  0.  Here,  a  step-function  lattice  is  used, 
and  r]  is  the  filling  factor.  In  Fig.  1 ,  the  solid  lines  corre¬ 
spond  to  the  analytical  estimates  given  in  Eq.  (21),  whereas 
the  dotted  lines  are  obtained  by  integrating  Eq.  (5)  numeri¬ 
cally. 

Use  is  made  of  the  Poincare  surface-of-section  method 
to  examine  extensively  the  phase-space  structure  described 
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Figure  2:  Poincare  surface-of-section  plots  in  the  phase 
space  ( r,Pr )  for  15  test  particle  trajectories  moving 
through  the  periodic  step-function  lattice  from  s/S  =  0.5 
to  1000.5.  Here,  the  parameters  are:  av  =  80°,  r]  =  0.2, 
cr  =  11.4°  ( SK/st  =  10),  LJb  =  0,  and  Pe/sr  =  0. 


■2.0  ' - 1 - ' - 1 

0.0  0.5  1.0  1.5 


r'rb 

Figure  3:  Poincare  surface-of-section  plots  in  the  phase 
space  ( r,Pr )  for  15  test  particle  trajectories  moving 
through  the  periodic  step-function  lattice  from  s/S  =  0.5 
to  1000.5.  Here,  the  parameters  are:  av  =  80°,  r]  —  0.2, 
c  —  11.4°  (SK/et  =  10),  u>b  =  0.9,  and  Pg/eT  =  -0.9. 


by  the  Hamiltonian  H  in  Eq.  (5).  Of  particular  interest  are 
the  nonlinear  resonances  and  chaotic  particle  motion  of  test 
particles  outside  the  boundary  of  the  phase  space  occupied 
by  the  interior  beam  particles  making  up  the  rigid-rotor 
Vlasov  equilibrium  distribution  /0  [2].  The  phase-space 
boundary  of  the  rigid-rotor  Vlasov  equilibrium  is  a  closed 
surface  in  the  three-dimensional  phase  space  (r,  Pr,Po)  at 
any  given  axial  distance  s.  A  projection  of  such  a  boundary 
onto  the  phase  space  (r,  Pe)  can  be  determined  from 


Pen{s) 

£tT 


+(1-^2) 


(22) 


where  the  parameter  uib  (\uib\  <  1)  is  a  measure  of  beam 
rotation  in  the  Larmor  frame.  For  a  KV  equilibrium  distri¬ 
bution,  uib  =  0. 

Detailed  results  of  the  phase-space  analysis  are  dis¬ 
cussed  in  [4],  and  are  summarized  in  Sec.  4.  Here,  we 
only  illustrate  the  effect  of  beam  rotation  on  beam  dynam¬ 
ics  in  Figs.  2  and  3.  For  both  cases  shown  in  Figs.  2  and 
3,  the  value  of  Pe  is  chosen  such  that  the  boundary  of  the 
equilibrium  distribution  extends  to  r  =  rb  [Eq.  (22)].  It  is 
evident  in  Figs.  2  and  3  that,  for  comparable  choices  of  sys¬ 
tem  parameters,  the  phase  space  structure  for  a  nonrotating 
KV  equilibrium  distribution  (uib  =  0)  exhibits  more  pro¬ 
nounced  chaotic  behavior  that  that  for  a  rigid-rotor  Vlasov 
equilibrium  distribution  (with  ub  —  0.9). 


4  CONCLUSIONS 

Test  particle  motion  has  been  analyzed  for  matched  in¬ 
tense  charged-particle  beam  propagating  through  a  periodic 
solenoidal  magnetic  field.  The  betatron  oscillations  of  test 
particles  in  the  average  self  fields  and  applied  field  were 
analyzed,  and  the  nonlinear  resonances  induced  by  peri¬ 
odic  modulations  in  the  self  fields  and  applied  field  were 
determined.  It  was  found  [4]  that  the  phase-space  structure 
changes  significantly  as  the  canonical  angular  momentum 


(Pe),  beam  intensity  (as  measured  by  SK/er  or  a/av), 
vacuum  phase  advance  crv,  or  beam  rotation  (uib)  is  varied. 
For  an  intense  beam  with  nonrotating  KV  equilibrium  dis¬ 
tribution  (uib  =  0),  it  was  shown  that  the  chaotic  regions  ap¬ 
proach  the  phase-space  boundary  of  the  equilibrium  distri¬ 
bution  as  the  canonical  angular  momentum  Pe  decreases  in 
magnitude.  For  an  intense  beam  with  a  rigid-rotor  Vlasov 
equilibrium  distribution  (c Jb  ^  0),  it  was  found  that  the 
presence  of  beam  rotation  reduces  the  degree  of  chaotic 
behavior  in  phase  space.  Finally,  for  crv  <  80°,  the  test- 
particle  analysis  showed  that  at  very  high  beam  intensities, 
the  chaotic  layers  associated  with  the  separatrices  of  non¬ 
linear  resonances  are  still  divided  by  the  remaining  invari¬ 
ant  (KAM)  surfaces  and  do  not  overlap  completely  to  form 
an  extended  chaotic  region. 
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Abstract 

The  performances  of  ECR  ion  sources  can  be  enhanced  in 
the  spatial  domain  by  tailoring  the  central  magnetic  field 
so  that  it  is  uniformly  distributed  over  a  large  plasma 
volume  and  is  of  magnitude  so  as  to  be  in  resonance  with 
single  frequency  microwave  radiation.  Analogously,  the 
performances  of  conventional  minimum-5  ECR  ion 
sources  can  be  enhanced  in  the  frequency  domain  by 
injecting  multiple  discrete  frequency  or  broadband  micro- 
wave  radiation  into  their  plasma  volumes.  In  this  report, 
examples  of  both  the  spatial-and  frequency-domain 
techniques  will  be  given.  For  example,  the  design  aspects 
of  an  all  permanent-magnet  “volume-type”  (spatial- 
domain)  ECR  ion  source  will  be  described  and  the  effects 
of  injecting  multiple  frequencies  (frequency-domain)  on 
the  charge-state-distributions  extracted  from  a 
conventional  minimum-5  ECR  ion  source  will  be 
presented. 

1  INTRODUCTION 

Electron-cyclotron-resonance  (ECR)  ion  sources  are  being 
widely  used  for  the  production  of  highly  charged  ion 
beams  for  heavy  ion  accelerator  based  fundamental  and 
applied  research.  In  recent  years,  considerable  progress 
has  been  made  in  ECR  ion  source  technology  in  terms  cf 
their  capabilities  for  generating  high-charge-state  ion 
beams  as  well  as  total  beam  intensities.  In  conventional 
minimum-5  ECR  ion  sources,  narrow  bandwidth,  single 
frequency  microwave  radiation  produces  thin  annular, 
ellipsoidal-shaped  ECR  surfaces  which  constitute  a  small 
percentage  of  the  plasma  volume  and  consequently,  the 
efficiency  of  RF  power  coupling  is  limited  by  the  sizes  cf 
their  ECR  surfaces.  It  has  been  suggested  that  the 
performances  of  ECR  ion  sources  can  be  significantly 
improved  by  tailoring  the  central  region  of  the  magnetic 
field  so  that  it  is  resonant  with  single  frequency 
microwave  radiation  (spatial-domain)  [1-3]  or  by  injecting 
multiple-discrete  or  broadband  microwave  radiation  into 
conventional  minimum-5  ECR  ion  sources  (frequency- 
domain)  [3,4]. 

The  spatial-domain  technique  employs  a  magnetic 
field  configuration  with  an  extended  central  flat  region, 
tuned  to  be  in  resonance  with  single-frequency  microwave 
radiation.  Because  of  the  large  resonant  plasma  volume, 
significantly  more  RF  power  can  be  coupled  into  the 
plasma,  resulting  in  heating  of  electrons  over  a  much 
larger  volume  than  possible  in  conventional  ECR  ion 
sources.  The  ability  to  ionize  a  larger  fraction  of  the 


particles  in  the  plasma  volume  effectively  reduces  the 
probability  of  resonant  and  non-resonant  charge  exchange, 
thereby  increasing  the  residence  time  of  an  ion  in  a  given 
charge  state  and  for  subsequent  and  further  ionization.  All 
other  parameters  being  equal,  the  “volume”  ECR  source 
should  result  in  higher  charge-state  distributions,  higher 
beam  intensities,  and  improved  operational  stability  [1-3]. 
This  concept  has  been  recently  validated  by  Heinen,  et 
al.,  who  used  the  technique  to  improve  the  charge  states 
for  Arq+  (q>5)  by  factors  of  20  to  100  over  those  from  a 
conventional  minimum-5  ECR  ion  source  [5]  and 
through  the  record  proton  intensities  generated  with  the 
"flat"  field  source  by  Wills,  et  al.  [6].  We  are  presently 
fabricating  a  compact,  all-permanent-magnet  "volume- 
type"  ECR  ion  source  that  incorporates  the  flat-field 
concept  for  high  charge-state  ion  beam  generation. 

With  multiple  discrete  frequency  microwave  radiation 
simultaneously  launched  into  a  minimum-5  ECR  ion 
source,  one  can  generate  multiple,  separated  and  nested 
ECR  heating  surfaces.  These  techniques  have  been 
validated  at  LBNL  by  increasing  the  high  charge-state 
population  and  intensities  within  a  particular  charge  state 
of  Bi  and  U  by  injecting  two  frequencies  into  their  AECR 
source  [7]  and  at  ORNL  by  increasing  the  charge  states 
and  intensities  within  a  particular  charge  state  for  Arq'  and 
Xeq+  by  injecting  three  frequencies  [8]  into  the  ORNL 
Caprice  ECR  ion  source  [9]. 

The  design  details  of  an  all  permanent-magnet 
"volume-type"  ECR  ion  source  for  multiply  charged  ion 
beam  generation  and  the  results  derived  from  the  three 
multi-frequency  plasma  heating  experiments  will  be 
described  in  this  report. 

2  DESIGN  FEATURES  OF  AN  ALL¬ 
PERMANENT  MAGNET  VOLUME  ECR 
ION  SOURCE 

A  compact,  all-permanent  magnet,  single-frequency  ECR 
ion  based  on  a  novel  magnetic  field  configuration  has  been 
designed  and  is  presently  under  construction  [10],  The 
source  is  designed  to  achieve  a  large,  on-axis  ECR 
“volume,”  which  allows  ECR  power  to  be  efficiently 
coupled  along  and  about  the  axis  of  symmetry.  A 
schematic  representation  of  the  source  is  illustrated  in  Fig. 
1  and  the  axial  magnetic  field  is  displayed  in  Fig.  2.  As 
noted,  the  axial  magnetic  field  profile  is  flat  (constant 
mod-B)  in  the  center  which  extends  over  the  length  of  the 
central  field  region  along  the  axis  of  symmetry  and 
radially  outward  to  form  a  uniformly  distributed  ECR 
plasma  “volume”.  This  magnetic  field  design  strongly 
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contrasts  with  those  used  in  conventional  ECR  ion 
sources  where  the  central  field  regions  are  approximately 
parabolic  and  the  consequent  ECR  zones  are  “surfaces”. 
According  to  computational  studies  [1]  the  new 
configuration  will  result  in  dramatic  increases  in  the 
absorption  of  RF  power,  thus  enabling  the  heating  of 
electrons  over  a  much  larger  volume,  thereby  increasing 
the  electron  temperature  and  “hot”  electron  population  in 
the  plasma.  The  axial  mirror  field  is  produced  by  two,  50- 
mm  thick,  annular  NdFeB  permanent  magnets  radially 
magnetized  in  opposite  directions  and  separated  by  ~  150 
mm.  Specially  designed  and  positioned  iron  cylinders  are 
used  to  create  the  flat  central  field  region  between  the 
mirror  magnets.  The  source  is  designed  to  operate  at  a 
central  frequency  of  ~  6  GHz  and  the  flat  magnetic  field 
region  can  be  adjusted  by  mechanical  means  to  tune  the 
source  to  the  resonance  condition  within  the  limits  of  5.6 
to  6.9  GHz.  The  plasma  confinement  magnetic  field 
mirror  has  a  ratio  B^JBecr  of  slightly  greater  than  two. 

Since  the  radial  magnetic  field  distribution  is 
proportional  to  B  =  B0  rN/2~‘  where  N  is  the  number  cf 
cusps  and  r  is  the  radial  distance  from  the  center  of  the 
device  to  the  tip  of  the  magnet,  a  high-order  multicusp 
field  for  confining  the  plasma  in  the  radial  direction  can 
increase  the  resonant  volume  in  the  radial  direction. 
Therefore,  instead  of  a  sextupole  field,  commonly  used  in 
conventional  minimum-S  ECR  ion  sources,  a  12-pole 
multicusp  field  was  designed  for  the  source.  Twelve 
NdFeB  bar  magnets,  equally  spaced  in  an  alternating 
polarity  arrangement  around  the  circumference  of  a  57.2- 
mm  diameter,  water  cooled  Cu  magnet  holder,  are  used  to 
produce  the  desired  field  for  radial  confinement,  as  shown 
in  Fig.  3.  In  combination  with  the  axial  mirror  field,  a 
magnetic  field  strength  of  5. 1  kG,  approximately  equal  to 
that  of  the  axial  mirror  field,  is  generated  at  the  inner  wall 
of  the  plasma  chamber.  For  comparison,  the  radial  field 
profile  for  a  sextupole  configuration  (N  =  6)  is  also 
plotted  in  Fig.  3.  As  noted,  the  region  over  which  the 
field  region  is  uniform  is  much  greater  for  the  N  =  12 
multicusp  field. 

The  cylindrical  cavity  plasma  chamber  is  made  of  A1 
and  is  15.6  cm  in  length  and  5.4  cm  in  diameter. 
Computational  design  studies  were  performed  for  several 
different  RF  injection  schemes,  using  the  finite  element 
code  ANSYS  [1 1],  A  broadband  RF  injection  system  was 
then  designed  for  the  ion  source.  It  is  a  long,  precisely 


Fig.  2.  Axial  magnetic  field  profiles  of  the  volume" 
(solid  line)  and  conventional  minimum-S  configur¬ 
ation  on  "surface"  (dotted  line)  ECR  ion  sources. 

tapered  rectangular-to-circular  transition  section,  starting 
from  a  rectangular  WR137  waveguide  and  ending  with  a 
circular  diameter  that  matches  the  dimension  of  the 
plasma  chamber.  The  transition  from  rectangular  to 
circular  is  very  smooth  so  that  it  has  excellent  voltage 
standing  wave  ratio  (VSWR)  while  converting  the 
rectangular  waveguide  TE]0  dominant  mode  to  the 
dominant  circular  waveguide  TEi„p  eigenmodes  with  the 
RF  power  concentrated  near  the  axis  of  the  resonant 
plasma  volume  and  the  E-vector  oriented  perpendicular  to 
the  magnetic  field  direction  for  efficient  electron  heating. 
The  mechanical  design  of  the  source  is  very  flexible  in 
that  it  can  be  converted  from  a  “volume”  source  to  a 
“surface”  source  and  vice-versa  by  simply 
adding/removing  a  Fe  ring  to/from  the  central  region 
between  the  mirror  magnets.  The  resulting  minimum-S 
axial  magnetic  field  profile,  after  adding  the  Fe  ring,  is 
also  shown  in  Fig.  2.  The  multicusp  field  can  also  be 
changed  to  an  N  =  6  field  distribution  when  the  source  is 


Fig.  3.  Comparison  of  N  =  6  and  N  =  12  cusp 
radial  magnetic  field  profiles.  The  effect  of  increasing 
the  number  of  cusps  from  N  =  6  to  N  =  12  is 
apparent:  the  lower  order  multiple  field  results  in  a 
much  smaller  resonant  plasma  volume. 
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configured  as  a  conventional  “surface”  source. 
Comparisons  will  be  made  of  the  performances  of  the 
“volume”  and  conventional  single-frequency  “surface” 
ECR  sources  in  terms  of  the  charge-state  distributions  and 
intensities  within  a  particular  charge-state  for  each 
configuration. 

3  MULTI-FREQUENCY  MICROWAVE 
PLASMA  HEATING 

We  have  conducted  comparative  studies  to  assess  the 
relative  performance  of  the  conventional  minimum-5 
ORNL  Caprice  ECR  ion  source  [9]  for  the  production  of 
multiply  charged  ion  beams  when  excited  with  one,  two 
and  three-frequency  microwave  radiation  [8].  In  order  to 
simultaneously  inject  three  frequencies  into  the  plasma 
chamber  of  the  source,  it  was  found  necessary  to  design 
and  fabricate  an  appropriate  waveguide/injection  system  to 
avoid  cross  coupling  of  the  radiation  in  the  waveguide 
system.  The  ORNL  Caprice  source,  equipped  with  the 
new  three-frequency  injection  module,  is  shown  in  Fig.  4. 
Microwave  radiation  between  10  and  14  GHz  can  be 
injected  into  the  source.  The  studies  were  conducted  with 
the  existing  10.6  GHz,  1  kW,  klystron  power  supply  and 
two  TWT-based  microwave  power  supplies  with  rated 
powers  of  80  and  200  W,  respectively. 

One,  two  and  three-frequency  heating  experiments 
were  conducted  with  Xe  feed  gas  with  10.6  GHz  (290  W), 
10.6  GHz  (290  W)  +  11.57  GHz  (40  W)  and  10.6  GHz 
(290  W)  +  11.57  GHz  (40  W)  +  12  GHz  (52  W) 
microwave  power.  Fig.  5  shows  the  resulting  charge-state 
distributions  derived  from  these  studies.  It  is  clear  that, 
with  the  addition  of  the  second  and  third  frequencies,  the 
most  probable  Xeq+  charge  state  moves  to  higher  values 
by  one  unit  and  the  intensities  for  the  high-charge  states 
are  increased  by  ~3  over  those  for  the  saturated,  single¬ 
frequency  10.6  GHz  (290  W)  case.  Our  results  clearly 
illustrate  that  the  performance  of  conventional  geometry 
ECR  ion  sources  can  be  significantly  improved  by  use  of 
multiple-discrete  frequency  plasma  heating. 
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Abstract 

A  high  temperature,  low-charge-state,  “volume-type” 
source  has  been  designed  for  use  in  the  nuclear  physics 
and  nuclear  astrophysics  research  radioactive  ion  beam 
(RIB)  programs  at  the  Holifield  Radioactive  Ion  beam 
Facility  (HRIBF).  The  source  utilizes  electromagnetic 
coils  to  generate  a  large  and  uniformly  distributed  central 
magnetic  field  with  magnitude  (875  G)  chosen  to  be  in 
electron-cyclotron-resonance  (ECR)  with  single- 
frequency  (2.45  GHz)  microwave  radiation.  Among  the 
features  of  the  source  include:  a  variable  mirror-ratio  at 
ion  extraction  as  required  for  optimizing  low-charge  state 
ion  beam  generation;  a  right-hand,  circularly-polarized 
RF  injection  system  to  overcome  the  relatively-low, 
cutoff-density,  (nc  =  7.4x1 0'°/cm3)  associated  with  the  use 
of  2.45  GHz  microwave  radiation;  and  a  high 
temperature,  Ir-  or  Re-coated-Ta  plasma  chamber  to 
reduce  the  residence  times  of  radioactive  species  that  are 
adsorbed  on  the  walls  of  the  chamber.  No  provisions  are 
made  for  radial  plasma  confinement  due  to  the  sensitivity 
of  permanent  magnets  to  degradation  by  the  large  fluxes 
of  neutrons  incumbent  during  target  irradiation,  routinely 
used  for  this  purpose.  Aspects  of  the  design  features  of 
the  source  are  described  in  this  report. 

1  INTRODUCTION 

Chemically  active  species,  diffused  from  target  materials 
for  use  at  ISOL-based  radioactive  ion  beam  (RIB) 
research  facilities,  often  arrive  at  the  ionization  chamber 
of  the  source  in  a  variety  of  molecular  forms.  Since  hot- 
cathode  sources,  such  as  the  CERN-ISOLDE  electron- 
beam-plasma  ion  source,  presently  used  at  the  HRIBF,  do 
not  efficiently  dissociate  and  ionize  the  atomic 
constituents  of  such  carriers,  the  species  of  interest  are 
often  distributed  in  a  variety  of  side-band  ion  beams  with 
different  masses  and  thereby,  their  intensities  are  diluted. 
Since  intensity  is  at  a  premium  for  nuclear  physics  and 
astrophysics  research  with  RIBs,  it  is  important  to 
concentrate  the  species  of  interest  into  a  single  mass- 
channel.  ECR  ion  sources  are  particularly  effective 
means  for  simultaneously  dissociating  molecules  and 
ionizing  their  atomic  constituents.  While  these  sources 
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are  most  frequently  used  for  generating  multiply  charged 
ion  beams  for  which  the  plasma  confining  magnetic  field 
must  be  optimized  at  high  field  values,  the  magnetic  field 
can  also  be  customized  to  accentuate  low  charge-state 
ion  beam  generation  as  required  for  radioactive  ion  beam 
(RIB)  generation  at  the  HRIBF.  The  present  source 
design  is  predicated  on  recent  advances  in  ECR  ion 
source  technology  effected  by  designing  the  magnetic 
field  so  that  the  central  magnetic  field  is  uniformly 
distributed  over  a  large  volume  with  magnitude  chosen  to 
be  resonant  with  2.45  GHz  microwave  radiation  [1-4]. 
By  enlarging  the  ECR  zones,  the  performances 
(molecular  dissociation  and  ionization  efficiencies)  can 
be  enhanced  over  those  of  conventional  minimum-# 
geometry  sources. 

In  this  report,  we  briefly  describe,  the  mechanical 
design  features,  magnetic  field  design  attributes,  ion 
extraction  optics  and  the  RF  injection  system  for  the 
source. 

2  MECHANICAL  DESIGN  FEATURES 

An  isometric  representation  of  the  source  is  illustrated  in 
Fig.  1.  The  source  assembly  consists  of  a  tubular  Ta 
plasma  chamber  (inner  diameter:  75  mm;  length:  -265 
mm)  to  which  is  welded  tubular  Ta  production  beam 
entry  and  target  chambers,  positioned  at  right  angles  with 
respect  to  the  plasma  chamber  axis.  The  production  beam 
will  pass  through  the  center  of  the  plasma  chamber,  at  a 
right-angle  with  respect  to  the  axis  of  symmetry  of  the 
source,  where  it  will  interact  with  target  material,  located 
in  a  target  chamber  diametrically  opposed  to  the  entry 
port,  before  coming  to  rest  in  a  C-beam-stop.  The  plasma 
and  target  chambers  will  be  coated  with  Ir  or  Re  because 
of  their  low  enthalpies  for  adsorption  of  many 
electronegative  members  of  the  periodic  chart  to  reduce 
the  residence  times  of  RIB  species  that  strike  the  plasma 
chamber  walls.  The  end  flanges  of  the  plasma  chamber, 
production  beam  entry  port,  and  target  chamber  ports 
will  be  made  of  stainless  steel,  fusion-bonded  to  Ta. 
These  flanges  will  be  equipped  with  knife-edge-type 
metal-to-metal  vacuum  seals.  Target  materials  will  be 
heated  to  temperatures  exceeding  2000  °C  by  resistively 
heating  a  Ta-heater  that  surrounds  the  target  material 
reservoir.  The  plasma  chamber  will  be  independently 
heated  up  to  -1500  °C  by  Ta  wrap-around  heaters.  The 
large  conductance  target  chamber  is  close-coupled  to  the 
plasma  chamber  of  the  source  in  order  to  efficiently 
transport  radioactive  species  to  the  plasma  chamber  of 
the  source. 
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low-charge-state  ECR  source 


3  MAGNETIC  FIELD  DESIGN 

For  the  source  to  perform  according  to  the 
underlying  principals,  it  is  quintessential  that  the  central 
field  region  be  uniformly  distributed  (flat)  along  the  axis 
of  symmetry  of  the  source  with  magnitude 
commensurate  with  the  value  required  for  excitation  with 
single-frequency,  2.45  GHz  microwave  radiation  (B^  = 
875  G).  The  magnetic-field  distribution,  shown  in  Fig.  2, 
was  computationally  designed  to  achieve  this  objective 
by  use  of  the  simulation  code  Poisson  [5].  The  required 
flat  central  resonant  field  region  is  generated  with  two 
sets  of  primary  and  trim  coil  systems  (inner  coil 
diameters:  0122  mm)  located  at  each  end  of  the  plasma 
chamber;  each  coil  system  is  housed  in  a  magnetic  flux 
return  yoke  (outer  diameter:  0254  mm).  The  axial 
magnetic  field  is  designed  with  a  fixed,  high  mirror  ratio 
at  the  RF  injection  end  and  a  variable  mirror  ratio  at  the 


extraction  end  of  the  source,  as  required  to  optimize  the 
efficiencies  for  dissociation  of  molecular  carriers  and 
ionization  of  their  atomic  constituents.  While  the  mirror 
coils  serve  to  confine  the  plasma  in  the  axial  direction, 
no  analogous  provisions  are  made  for  radial  plasma 
confinement  due  to  the  sensitivity  of  permanent  magnets 
to  degradation  by  the  large  fluxes  of  neutrons  incumbent 
during  target  irradiation,  routinely  used  for  this  purpose. 
As  noted,  the  field  is  designed  to  be  uniform  over  a 
length  of  ~75  mm.  In  order  to  produce  a  central  field 
distribution  with  the  desired  uniformity,  high 
permeability,  cylindrical  geometry  Fe  shunts,  located 
between  the  trim  coils,  are  also  required.  The  parameters 
of  the  magnetic  field  system  are  listed  in  Tables  1  and  2. 


5  "  10  15  20  25  30 


Axial  Distance  z  (cm) 

FIG  2.  Axial  magnetic  field  profile  for  the  low-charge-state 
ECR  ion  source. 


TABLE  1.  Mirror  ratios  of  the  axial  magnetic  field 
RF  injection  end  :  B„  /Bbcr=  -2/1 

Ion  extraction  end:  B  /B__„  =1.1/1  to  1.8/1 

max  r.i  k 


TABLE  2.  Magnetic  field  intensity  and  uniformity  values  for  the  magnetic  field  distribution 


Peak  Value:  Peak  Value:  Flat-B  Flat-B  Bmax  Bmin  Primary  Coil:  RF  Primary  coil:  Trim  Coil:  RF  Trim  Coil: 

Extraction  end  RF  injection  Region  (cm)  Uniformity  (G)  (G)  injection  end  Extraction  end  injection  End  Extraction  End 


(G) 

end  (G) 

968 

1646 

8.5 

1051 

1644 

8.0 

1146 

1638 

7.5 

1466 

1600 

7.5 

1572 

1572 

7.5 

(A.Turns) 


(A.Tums) 


(A.Turns) 


(A.Tums) 


1.0 

884 

867 

7700 

2500 

-28 

1.0 

883 

866 

8810 

2000 

-28 

1.0 

884 

866 

18550 

10030 

1520 

-28 

1.3 

886 

863 

18170 

15500 

-1540 

-29 

1.0 

884 

866 

17800 

17800 

-2900 

-29 

4  EXTRACTION  OPTICS  ;  =  pL  _  1 6±\v%  0) 

In  order  to  ensure  beams  with  good  transport  properties  ^  Tc-' 

and  minimise  aberration  effects  imparted  to  the  beam  4  ( 2q^f2  71a1 

during  extraction,  a  series  of  simulation  design  studies  ^p  =  9^°Va 1 J  d2 

for  space  charge  limited  extraction  from  the  source  were 

performed  with  the  simulation  code,  PBGuns  [6].  The  in  Eq.l,  q  is  the  charge,  M  the  mass  of  the  ion,  and  a  is 
following  formula  was  used  initially  in  choosing  initial  radius  of  the  extraction  aperture.  Table  3  provides  a  list 
values  for  certain  parameters  such  as  the  extraction  gap,  of  species,  intensities,  RMS  emittances  and  extraction 
d,  radius,  rc,  of  the  aperture  in  the  first  extraction  voltages  for  the  three-electrode  extraction  system  under 
electrode  (cathode),  and  extraction  voltage,  V,  for  space-charge-limited  conditions.  The  axial  mirror  fields 
space-charge  limited  flow  through  the  system  [7]:  are  taken  into  account  during  the  simulations.  An 

example  of  beam  transport  of  a  1 .62  mA  beam  of  *’Ar+ 
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through  the  three  electrode  extraction  system  is  shown  in 
Fig.  3. 


from  the  "volume-type"  ECR  ion  source 

From  the  figure,  it  can  be  seen  that  the  spherical-sector 
plasma-electrode  plays  an  important  role  in  focusing  the 
beam;  the  field  gradients  between  the  focus  electrode  and 
first  and  second  extraction  electrodes  form  a  smooth 
extraction  field,  resulting  in  transportable  beams  with 
good  emittance  characteristics.  This  electrode  system  can 
also  be  used  for  extraction  and  transport  of  highly  space- 
charge-dominated  proton  beams.  In  this  situation,  only 
the  first  electrode  is  used  for  extraction;  the  second 
electrode  is  biased  negatively  by  -  -1  kV  to  repel 
secondary  electrons  generated  by  ion  impact  with  beam 
transport  components  and  residual  gas  atoms  that  would 
otherwise  be  accelerated  to  the  source.  The  result  of 
these  studies  suggest  that  a  200  mA  proton  beam  can  be 
extracted  from  an  8-mm-diameter  aperture  at  55  kV.  The 
RMS  emittance  for  this  case  was  found  to  be:  e„  =  -  5x1  O'2 
jtmmmrad. 


TABLE  3.  Simulation  results  for  different  species  extracted 
from  the  “volume-type”  ECR  ion  source _ 


Species 

Intensity 

(mA) 

RMS  Emittance 
(n  mm  mrad) 

v«, 

(kV) 

v,2 

(kV) 

12C 

1.62 

4.549x1 (F 

7.0 

20 

“O 

1.62 

3.995XKF 

8.0 

20 

4°Ar 

1.62 

4.768XKF 

8.0 

20 

84Kr 

1.62 

2.978x10^ 

10.6 

20 

152Xe 

1.62 

4.567x1 O'4 

12.8 

20 

2MBi 

1.13 

6.149X104 

12.0 

20 

5  RF  INJECTION  SYSTEM 

The  microwave  RF  injection  system  features  a  right-hand 
circular  polarizer  to  avoid  the  relatively-low  cut-off 
density  limit  (nc=7.4xl010/cm3)  associated  with  the  use  of 
2.45  GHz  microwave  radiation.  The  microwave  injection 
system  consists  of  a  2.45  GHz,  2  kW  magnetron  power 
supply,  circulator,  directional  coupler,  WR-340  wave 
guide,  stub-tuner,  a  right-hand  circular  polarizer,  a 
rectangular-to-circular  wave-guide  converter  and  a 
circular  plasma  chamber.  The  microwave  radiation 
travels  along  the  rectangular  wave-guide  in  the  TE10 
mode;  this  mode  is  then  converted  to  a  TE„  mode  in  a 


rectangular-to-circular  transition  wave-guide  section. 
The  finite  element  code  ANSYS  [8]  was  used  in 
determining  the  length  of  the  converter  that  would 
minimize  reflected  power.  Fig.  4  illustrates  the 
dependence  of  reflected  power  on  the  length  of  the 
rectangular-to-circular  transition  section.  The  results  of 
this  studies  also  show  that  the  forward  power  possesses 
the  frequency  independent  character  of  the  RF  injection 
system.  Fig.  5  shows  that  the  electric  field  distribution  is 
concentrated  near  the  axis  of  the  uniformly  distributed 
magnetic  field,  in  keeping  with  efficient  coupling  of  the 
RF  power  to  the  plasma. 


L(» 

FIG.  4.  Reflected  power  versus  frequency 


for  the  RF 
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FIG.  5.  The  electric  field  distribution  in  the  plasma  chamber 
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Abstract 

A  design  for  a  permanent  magnet  electron  cyclotron 
resonance  (PM-ECR)  ion  source  is  presented.  This  PM- 
ECR  ion  source  was  originally  designed  to  substitute  for 
the  electromagnet  ECR  source  in  the  LEDA  injector 
system  at  Los  Alamos  National  Laboratory  and  was 
designed  to  duplicate,  as  much  as  was  practical,  the 
parameters  of  that  ion  source  as  detailed  in  recent 
publications.  To  maximize  the  utility  of  this  ion  source 
for  producing  other  positive  ion  beams,  this  particular 
design  is  very  flexible.  The  plasma  chamber,  the  beam 
formation  aperture,  and  the  rf  feed  system  are  field- 
replaceable  to  facilitate  the  specific  requirements  of 
different  ion  beams.  The  design  of  the  permanent  magnet 
solenoid  is  quite  flexible  as  well.  The  baseline  magnetic 
field  profile  is  set  during  fabrication  by  adjusting 
permanent  magnet  strengths  to  optimize  the  field  shape 
for  a  particular  range  of  ion  species.  Further,  the 
magnetic  field  can  be  adjusted  on-line  (within  certain 
limits)  to  optimize  the  performance  of  the  ion  source  for  a 
particular  ion  species.  The  permanent  magnet  eliminates 
all  requirements  for  active  components  at  high  voltage. 
The  only  connections  that  cross  the  high-voltage 
boundary  are  the  rf  waveguide  and  the  source  gas  feed 
lines. 

1.  PMECR  SOURCE  DESIGN  FEATURES 

The  design  of  the  PM-ECR  ion  source  is  quite  flexible. 
The  next  two  sections  discuss  the  standard  features  of  the 
baseline  ion  source.  The  following  section  illustrates  the 
flexibility  of  the  design  by  discussing  various  other 
features,  additions,  and  modifications  that  are  supported 
by  this  design. 

1.1  Magnetic  Field  Profile  Design 

The  solenoidal  magnetic  field  of  the  PM-ECR  ion  source 
is  produced  by  permanent  magnets  rather  than 
electromagnets.  The  important  differences  between 
conventional  electromagnet  ECR  sources  and  this 
permanent  magnet  (PM)  version  are  1)  the  absence  of  a 
high-current  power  supply,  magnetic  coils,  and  associated 
cooling  system  and  2)  the  potential  to  significantly  reduce 
magnetic  field  intensity  at  the  beam  formation  aperture. 

Stokes  Law  requires  that  the  integral  of  magnetic  field 
around  any  closed  contour  be  equal  to  the  current  enclosed 
within  that  contour.  Since  a  permanent  magnet  solenoid 
contains  no  current,  such  an  integral  must  be  identically 


zero.  Hence  the  magnetic  field  must  change  sign  near 
both  ends  of  a  permanent  magnet  solenoid  such  that  the 
integral  of  the  magnetic  field  external  to  the  solenoid 
precisely  cancels  the  integral  of  the  internal  field.  Figure 
1  compares  the  magnetic  field  of  a  PM  solenoid  with  the 
field  of  an  electromagnet  solenoid.[l]  Note  the  field 
reversal  near  the  plasma  aperture  in  the  right-hand  side 
of  the  figure.  This  field-reversal  feature  allows  us  to 
locate  the  beam  formation  electrode  in  the  low-field 
regions,  possibly  resulting  in  reduced  beam  emittance 
compared  with  electro-magnet  ECR  sources. 


Z  (inches) 


Figure  1.  Comparison  of  magnetic  fields  of  a  PM 
solenoid  and  an  “equivalent”  electromagnet.  The 
magnetic  components  of  the  PM-ECR  source  are 
illustrated  by  the  thin  outline.  The  permanent  magnets 
are  denoted  by  components  with  internal  crossed  lines. 

The  magnetic  field  profile  of  the  PM-ECR  source  is 
comprised  of  three  field  "bumps"  provided  by  three  rings 
of  permanent  magnets.  The  lengths  and  strengths  of 
these  rings  in  the  shell  of  the  PM  solenoid  are  variables 
in  the  baseline  design  that  can  be  adjusted  to  tailor 
the  solenoidal  field  profile.  This  baseline  field  profile  can 
be  further  fine-tuned,  without  interrupting  the  operation 
of  the  ion  source,  by  mechanically  adjustable  field  shunts. 
Figure  2  shows  the  tuning  range  available  in  the  baseline 
field  of  figure  1  when  using  these  shunts.  This 
combination  of  baseline  field  profile  and  field  variability 
provided  by  the  field  shunts  provides  magnetic  field 
versatility.  In  addition,  substitution  of  various  non¬ 
magnetic  (magnetic)  parts  with  their  corresponding 
magnetic  (non-magnetic)  equivalents  provides  another 
mechanism  of  coarse-tuning  the  magnetic  field  profile 
that  is  generally  unavailable  with  electromagnet 
solenoids  because  of  Stokes  Theorem. 


0-7803 -5573-3/99/$  1 0.00  @  1 999  IEEE. 
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Z  (inches) 

Figure  2.  Illustration  of  the  tuning  range  of  the  solenoidal 
magnetic  field  profile  available  via  shunt  tuners.  The 
magnetic  fields  produced  with  the  two  shunts  in  a  variety 
of  different  positions  are  shown  by  the  collection  of  dark 
lines.  As  in  figure  1,  the  permanent  magnet  shell  and  end- 
caps  of  the  ion  source  are  illustrated  by  the  thin  outline 
and  the  permanent  magnet  rings  are  denoted  by  the 
components  with  internal  crossed  lines. 

1.2  Mechanical  Design  Features 

The  PM  solenoid  assembly  is  completely  independent  of 
the  vacuum  system.  Hence  the  PM-ECR  source  can  easily 
be  adapted  to  mate  with  existing  systems  simply  by 
substituting  flanges.  Also  the  ECR  plasma  chamber  was 
designed  to  be  removable  from  the  ion  source  without 
affecting  the  high-voltage  alignment  or  the  permanent 
magnet  solenoid.  This  design  promotes  easy  replacement 
of  ion  source  components  1)  for  maintenance,  2)  to 
replace  the  plasma  chamber  to  enable  different  ion  beams 
that  may  require  different  plasma  chamber  characteristics, 
3)  to  replace  components  that  modify  the  magnetic  field 
profile  for  different  ions  or  ion  beam  requirements,  and  4) 
to  adjust  the  position  or  profile  of  the  beam-formation 
aperture  relative  to  the  magnetic  field  profile  to  facilitate 
different  ion  beams  or  to  optimize  the  beam  characteristics 
for  particular  ion  species. 

The  input  waveguide  can  also  be  replaced  easily  by 
substituting  either  the  waveguide  end-flange  of  the  ion 
source  or  by  replacing  an  insert  within  that  flange.  In  this 
manner  the  ion  source  can  be  coupled  directly  from  a  WR- 
284  waveguide  and  rf  window.  Alternatively  this  PM- 
ECR  ion  source  design  supports  alternative  waveguide 
configurations  that  may  prove  beneficial  to  the 
performance  and/or  to  the  long-term  reliability  of  the  PM- 
ECR  source.  [2] 

1.3  Design  Special  Features 

In  addition  to  the  features  of  the  baseline  design  discussed 
above,  the  following  features  are  also  available,  either  as  a 


simple  modification  to  the  baseline  design  or  by  a  adding 
or  enabling  optional  features  in  that  design. 

The  magnetic  field  profile  shown  in  figures  1  and  2 
illustrate  the  profile  that  has  been  shown  to  be  efficient 
in  the  production  of  low  charge-state  ions. [3], [4]  To 
facilitate  the  production  of  ions  with  a  higher  mean 
charge-state,  the  baseline  magnetic  field  profile  can  be 
modified  to  produce  the  classical  double-humped  mirror 
field.  Some  of  this  adjust  ment  can  be  made  through 
the  addition  of  a  third  field-shunt.  The  third  shunt 
reduces  the  strength  of  the  center  magnet  and  provides  a 
magnetic  mirror  field  configuration  with  small  mirror 
ratios.  Alternatively,  the  center  magnet  ring  can  be 
modified  during  fabrication  to  produce  a  mirror  field 
configuration  with  mirror  ratios  of  up  to  2:1  (figure  3). 
In  the  former  case,  the  fixed  shunt  can  always  be 
removed  to  reconfigure  the  magnetic  field  back  into  the 
low  charge-state  configuration.  In  the  latter  case,  the 
mirror  ratio  becomes  a  permanent  feature  of  the 
magnetic  field.  In  either  case,  the  two  adjustable  field 
shunts  remain  active  to  provide  fine-tuning  of  the 
magnetic  field  during  operation. 


Z  (inches) 


Figure  3.  Field  plot  of  a  PM-ECR  source  showing  the 
range  of  mirror  field  profiles  available.  As  in  figure  1, 
the  permanent  magnet  shell  and  end-caps  of  the  ion 
source  are  illustrated  by  the  thin  outline.  The  permanent 
magnet  rings  are  denoted  by  the  components  with 
internal  crossed  lines. 

2.  ECR  ION  SOURCE  DESIGN  DETAILS 

The  high-current  configuration  of  the  PM-ECR  source  is 
illustrated  in  figure  4.  This  figure  shows  the  ion  source 
from  the  circular  waveguide  input  end.  Visible  in  the 
figure  are  the  two  shunt  tuners  with  their  screw-drive  and 
drive  belt  assemblies,  the  waveguide  endflange  with  its 
circular  rf  aperture,  and  the  two  end-flanges. 

Fine-tuning  the  magnetic  field  profile  is 
accomplished  by  sliding  the  magnetic  shunts  back  and 
forth  over  the  rings  of  permanent  magnets  using  two  sets 
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of  ball-screws.  In  the  neutral  position,  these  shunts  have 
little  effect  on  the  magnetic  field  profile.  In  the  maximum 
shunt  position,  a  substantial  portion  of  the  magnetization 
of  the  permanent  magnets  is  short-circuited  and  the  local 
magnetic  field  magnitude  is  decreased. 


Figure  4.  View  of  PM-ECR  ion  source  assembly  from  the 
circular  waveguide  input  end.  The  two  magnetic  field 
shunts  are  adjusted  by  rotating  the  three  ball-screw 
supports  for  each  ring  via  the  two  drive  belts  shown  in  the 
figure. 

In  the  baseline  design,  the  magnetic  field  magnitude 
increases  monotonically  from  the  rf  window  towards  the 
beam  aperture  end.  Alternate  magnetic  field 
configurations  can  be  supplied  with  the  more  conventional 
mirror  profiles  (figure  3),  however  the  simple  ramp 
configuration  of  figure  1  has  demonstrated  superior 
performance  in  the  production  of  low  charge-state 
ions  -  [4] ,  [5  ] ,  [6] 

The  plasma  chamber  of  the  PM-ECR  source  was 
designed  to  be  removable  without  disturbing  the  mounting 
or  alignment  of  the  ion  source.  This  feature  1)  facilitates 
maintenance,  2)  enables  different  ion  beams  that  may 
require  different  plasma  chamber  characteristics,  3) 
facilitates  replacement  of  components  that  modify  the 
magnetic  field  profile  for  different  ions  or  ion  beam 
requirements,  and  4)  allows  adjustment  of  the  position  or 
profile  of  the  beam-formation  aperture  relative  to  the 
magnetic  field  profile  to  facilitate  different  ion  beams  or 
to  optimize  the  beam  characteristics  for  particular  ion 


species.  All  of  these  activities  can  be  performed  by 
simply  swapping  one  plasma  chamber  insert  for  another 
without  affect  the  alignment  of  the  electrodes  and  can  be 
performed  with  minimal  interruption  of  service. 

3.  CONCLUSION 

This  PM-ECR  ion  source  design  has  many  unique 
features  that  promote  flexibility  in  providing  solutions  to 
ion  source  problems.  The  permanent  magnet  assembly 
represents  a  significant  improvement  over  electromagnet 
sources  by  eliminating  many  trouble-prone  components. 
Specific  features  unique  to  PM  solenoids  provide 
magnetic  field  design  flexibility  unmatched  by 
electromagnet  systems.  The  baseline  magnetic  field  is 
variable  over  a  wide  range  of  profiles.  The  shunt-tuners 
provide  fine-tuning  of  magnetic  fields  to  facilitate 
differing  requirements  of  different  ion  beams  and 
allow  on-line  fine  tuning  to  accommodate  long-term 
changes  in  ion  beam  characteristics  due  to  plasma 
sputtering  and  aging  or  wearing  of  components. 

The  flexible  mechanical  design  of  the  PM-ECR  ion 
source  provides  adaptability  to  virtually  any  ion  beam 
system  simply  by  replacing  the  end-flanges.  The  plasma 
chamber  can  be  removed  and/or  replaced  easily  1)  for 
maintenance,  2)  to  enable  different  ion  beams  that  may 
require  different  plasma  chamber  characteristics,  3)  to 
replace  components  that  modify  the  magnetic  field 
profile  for  different  ions  or  ion  beam  requirements,  and 
4)  to  adjust  the  position  or  profile  of  the  beam-formation 
aperture  relative  to  the  magnetic  field  profile  to  facilitate 
different  ion  beams  or  to  optimize  the  beam 
characteristics  for  particular  ion  species. 
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Abstract 

Proper  coupling  of  the  rf  power  to  the  plasma  in  an 
electron-cyclotron  resonance  (ECR)  ion  source  is  probably 
the  most  important  factor  in  achieving  satisfactory 
performance  of  overdense  plasmas  in  high-current  ECR 
sources.  Poor  coupler  design  can  lead  to  a  variety  of 
undesirable  effects  such  as  high  reflected  power,  low 
plasma  density,  unstable  operation,  and  poor  performance. 
Scientific  Solutions  has  produced  an  alternative  rf 
waveguide  feed  assembly  for  2450  MHz  ECR  ion  sources 
currently  being  used  in  the  community.  This  new 
waveguide  assembly  converts  from  standard  WR-284 
waveguide  into  dielectric-loaded  circular  waveguide  whose 
transverse  dimensions  are  substantially  smaller  than  the 
original  waveguide.  The  benefits  of  this  transition 
assembly  are  reduced  dimensions  of  the  rf  window  and 
opening  into  the  plasma  chamber,  greater  freedom  in  the 
design  of  the  rf/plasma  interface,  concentration  of  the  rf 
energy  on  the  axis  of  the  plasma  chamber,  a  choice  of  using 
circularly  polarized  rf  waves,  and  improved  protection  of 
the  rf  source  from  reflected  rf  energy.  This  assembly  is  a 
direct  replacement  for  the  WR-284  waveguide  and  rf 
window  assemblies  used  in  ECR  sources  and  should 
improve  the  performance  and  efficiency  of  the  rf  feed 
system  in  those  sources. 

1.  BACKGROUND 

Proper  coupling  of  the  rf  power  to  the  plasma  in  an 
electron-cyclotron  resonance  (ECR)  ion  source  is  the  most 
important  factor  in  achieving  satisfactory  performance  of 
such  sources.  Poor  coupler  design  can  lead  to  a  variety  of 
undesirable  effects  such  as  high  reflected  power,  low 
plasma  density,  unstable  operation,  and  poor  performance. 
Because  the  electrons  circulate  only  in  a  particular  direction 
with  respect  to  the  applied  magnetic  field,  only  that 
component  of  the  rf  field  that  rotates  in  the  same  sense  as 
the  electrons  is  strongly  absorbed  by  the  electron-cyclotron 
resonance.  For  aligned  magnetic  field  and  rf  Poynting 
vectors,  only  right-hand  circular  (RHC)  polarization  is 
absorbed  whereas  for  antialigned  vectors,  only  left-hand 
circular  (LHC)  polarization  is  absorbed.  Since  the  linearly 
polarized  rf  in  the  waveguide  is  comprised  of  equal  parts  of 
RHC  and  LHC  polarization,  only  half  of  the  rf  energy  ccan 
couple  to  plasma  via  the  ECR  resonance. 

The  maximum  electron  density  achievable  by  rf 
excitation  of  an  unmagnetized  plasma  is  given  by  the 
classical  relationship:  metop2  =  4to2  ne  ,  where  me  is 
thelectron  mass,  0)p  is  the  rf  frequency,  and  ne  is  the  plasma 
density.  This  relationship  yields  a  maximum  electron 
density  of  ~7.5xl010  cm'3  for  2450  MHz  rf— far  below  the 
density  necessary  for  an  efficient,  high-current  ion  source. 
Hence  some  other  mechanism  is  needed  to  increase  the 


plasma  density  to  more  than  50ne ,  a  value  typical  of 
efficient  high-current  ECR  sources. 

The  magnetic  field  permeating  the  plasma  provides 
the  additional  modes  of  interaction  between  the  rf  and 
the  plasma.  Of  particular  importance  is  the  so  called 
upper  hybrid  (or  whistler)  mode.  A  discussion  of  this 
and  other  modes  in  a  magnetized  plasma  can  be  found 
in  references  [1]  and  [2].  Note  however  that  the  whistler 
mode  also  depends  on  rotation  in  a  particular  sense 
relative  to  the  applied  magnetic  field.  Hence  the  rf 
coupling  through  this  mode  is  also  strongly  dependent  on 
the  polarization  of  the  rf  wave. 

Stevens  et  al.[3]  develop  a  model  for  the  impedance 
of  the  plasma  and  provide  a  discussion  of  matching  that 
impedance  to  the  rf  waveguide.  From  a  comparison  of 
their  model  with  experimental  data,  Stevens  et  al. 
postulate  that  “various  parameters.. .which  have  been 
noted  to  affect  the  efficiency  of  plasma  production,  may 
in  fact  be  related  more  to  the  microwave  coupling 
properties  of  the  ER  device.  ”  This  conclusion  is  also 
supported  by  the  results  of  Shimada,  et  al.[4]. 

Finally  some  benefit  has  also  been  noted  for 
concentrating  the  rf  energy  on  the  axis  of  the  plasma 
chamber.  Taylor  and  Mouris  [5]  utilized  a  tapered, 
double-ridged  waveguide  segment  to  couple  the  rf  into 
their  ECR  source.  LANL  also  uses  this  waveguide 
section  in  the  APT  ion  source.  [6] 

2.  DESIGN  FEATURES 

In  an  attempt  to  take  advantage  of  the  three  features 
described  above,  Scientific  Solutions  has  implemented 
an  rf  feed  system  for  2450  MHz  ECR  sources.  This  feed 
system  starts  with  a  conventional  WR-284  waveguide 
and  transforms  the  rf  energy  through  1)  a  rectangular 
waveguide  transition  assembly,  2)  a  rectangular-to- 
circular  waveguide  transition  assembly,  3)  a  circular 
polarizer,  and  4)  an  rf  vacuum  window/coupler 
assembly.  The  ECR  ion  source  rf  feed  configuration 
may  utilize  one  or  more  of  these  devices  in  sequence. 
Each  device  has  particular  advantages  in  the  rf  feed 
system  and  are  discussed  separately  below. 

2.1  Rectangular  Waveguide  Transition 
Assembly. 

The  rectangular  waveguide  transition  assembly  (Figure 
1)  transforms  the  rf  energy  from  a  standard  WR-284 
waveguide  into  a  rectangular  WR-137  waveguide  filled 
with  boron-nitride  (e=4.5).  This  configuration 
substantially  reduces  the  transverse  dimensions  of  the 
waveguide  and  concentrates  the  rf  energy  into  a  smaller 
volume.  This  reduction  in  transverse  dimensions 
reduces  the  size  of  the  opening  into  the  plasma  chamber 
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and  the  corresponding  dimensions  of  the  rf  vacuum 
window. 


Figure  1.  Rectangular  waveguide  transition  assembly. 
This  assembly  converts  from  standard  WR-284  waveguide 
to  dielectric-filled  WR-137  waveguide. 

Another  advantage  of  this  configuration  is  that  the  rf 
vacuum  window  can  be  positioned  well  back  from  the  ion 
source  plasma  chamber  and  protected  from  backstreaming 
electrons.  In  ECR  ion  sources  with  coaxial  rf  waveguide, 
electrons  generated  by  ionization  of  the  residual  gas  in  the 
high-voltage  column  are  accelerated  into  the  ion  source 
and  can  damage  the  rf  window.  Some  ECR  installations 
protect  the  rf  window  by  placing  a  thin  slab  of  boron- 
nitride  immediately  in  front  of  the  window  to  absorb  the 
energy  of  the  backstreaming  electrons.  Sputter  erosion  of 
this  slab  by  backstreaming  electrons  limits  the  operational 
lifetime  to  a  few  hundred  hours.  The  thickness  of  this  slab 
cannot  be  increased  substantially  without  incurring 
increased  rf  energy  reflection  from  the  impedance 
mismatch  between  the  air-filled  waveguide  (e=l),  rf 
vacuum  window  (e=9),  boron-nitride  protector  (e=4.5),  and 
the  plasma. 

By  moving  the  rf  window  behind  several  inches  of 
boron-nitride,  the  impedance  step  can  be  moved  to  an 
upstream  location  where  the  impedances  on  both  sides  of 
the  window  are  more  easily  controlled.  The  boron-nitride 
also  blocks  the  plasma  from  expanding  into  the  waveguide. 
Additionally,  using  this  rectangular  waveguide  transition 
should  improve  the  rf  efficiency  because  of  the  increased  rf 
energy  density  on  the  axis  of  the  plasma.  Finally  note  that 
the  reduced  dimensions  of  the  waveguide  input  allows 
relocating  the  rf  input  penetration  off  the  axis  of  the  plasma 
chamber  and  out  of  the  path  of  the  backstreaming  electrons. 

Another  potential  benefit  of  the  dielectric-loaded 
waveguide  system  is  that  the  coupling  of  the  rf  to  the 
plasma  might  be  enhanced  by  extending  the  boron-nitride 
dielectric  beyond  the  end  of  the  metal  waveguide  surfaces. 
This  “dielectric  waveguide”  can  protrude  into  the  plasma 
volume  and  the  rf  coupling  to  the  plasma  can  be  optimized 


by  modification  of  the  shape  and  extended  length  of  the 
dielectric  protruding  from  the  end  of  the  waveguide. 

2.2  Circular  Waveguide  Transition  Assembly. 

The  second  component  of  the  rf  input  apparatus  is  a 
rectangular-to-circular  waveguide  transition.  This 
device  starts  with  the  boron-nitride  filled  WR-137 
waveguide.  While  maintaining  constant  impedance,  the 
rectangular  cross  section  of  the  waveguide  is 
transformed  into  a  circular  1.61”  ID  tube  that  is  also 
filled  with  boron-nitride.  This  transition  assembly 
matches  the  rectangular  waveguide  geometry  to  the 
cylindrical  symmetry  typical  of  ECR  ion  sources.  All  of 
the  operational  advantages  noted  above  for  the 
dielectric-filled  rectangular  waveguide  also  apply  to  the 
circular  waveguide  assembly.  However  an  important 
additional  feature  of  cylindrically  symmetric  waveguide 
is  that  it  transports  circularly  polarized  rf  waves. 

2.3  Circular  Polarizer  Assembly. 

The  third  component  of  the  wavguide  apparatus  is  the 
circular  polarizer.  Using  the  appropriate  sense  of  circular 
polarization  potentially  doubles  the  efficiency  of  the  rf  in 
producing  the  plasma  and  eliminates  the  destabilizing 
influence  of  the  LHC  polarization.  Stevens  et.al.  [3] 
used  a  hybrid  coupler  and  phase  shifter  to  generate  the 
circularly  polarized  rf  wave  directly  in  the  plasma 
chamber.  SSolutions  has  simplified  this  process  by 
converting  from  the  rectangular  waveguide  into  a 
circular  waveguide  and  employing  a  simple  vane 
polarizer.  [7]  The  vane  polarizer  is  analogous  to  the 
quarter-wave  plate  commonly  used  in  laser  optics 

An  rf  quarter-wave  plate  is  formed  by  the 
introduction  of  a  rectangular  dielectric  vane  across  the 
center  of  the  circular  waveguide  (figure  2).  The 
propagation  velocity  of  the  rf  wave  with  the  electric  field 
parallel  to  this  vane  differs  from  the  velocity  of  an  rf 
wave  with  a  perpendicular  electric  field.  Circular 
polarization  results  when  the  phase  delay  between  these 
two  components  equals  ±90°.  If  the  dielectric  vane  is 
rotated  to  +45°  relative  to  the  input  polarization  plane, 
RHC  polarization  is  the  result.  If  the  vane  is  rotated  to 
-45°,  LHC  polarization  is  the  result.  Hence  one  can 
change  between  RHC  and  LHC  polarizations  simply  by 
rotating  the  quarter-wave  polarizer.  Note  also  that 
positioning  the  polarizer  at  either  0°  or  90°  passes  the 
linear  polarization  of  the  input  waveguide.  Hence  one 
can  directly  compare  the  relative  performance  of  linear 
and  circular  polarization  simply  by  rotating  the  polarizer. 

2.4  Virtual  Isolator 

An  important  additional  benefit  of  the  vane  polarizer  is 
the  creation  of  a  virtual  rf  isolator.  This  virtual  isolator 
concept  for  ECR  sources  is  most  easily  described  by 
using  the  quarter-wave-plate  analogy  introduced  above. 
In  laser  optics  a  “photon  diode”  is  created  by  using  a 
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quarter-wave  plate  in  conjunction  with  a  linear  polarizer. 
The  laser  light  passes  unaffected  through  the  polarizer 
when  the  polarization  axis  of  the  light  is  parallel  to  the 
axis  of  the  polarizer.  A  quarter-wave  plate  downstream  of 
the  polarizer  converts  the  linear  polarization  into  RHC  or 
LHC  polarization  as  discussed  above.  The  important 
feature  of  this  particular  configuration  involves  the 
interaction  of  circularly  polarized  light  reflected  back 
towards  the  laser  from  downstream  of  the  quarter-wave 
plate.  In  passing  back  through  the  quarter-wave  plate,  the 
reflected  circularly  polarized  light  is  converted  back  into 
linearly  polarized  light.  However  the  polarization  plane  is 
now  perpendicular  to  the  initial  polarization  axis  and  the 
light  is  not  passed  by  the  polarizer.  Hence  the  laser  is 
protected  from  reflected  photons  by  the  quarter-wave 
plate/polarizer  combination. 


Figure2.  Isometric  view  of  the  circular  polarizer  assembly. 

The  vane  polarizer  assembly  works  in  an  analogous 
manner.  In  the  rf  case,  the  reflected  circularly  polarized  rf 
wave  is  transformed  into  a  linearly  polarized  rf  wave. 
However  the  new  polarization  axis  is  now  aligned  with  the 
“wide”  axis  of  the  rectangular  waveguide  and  cannot 
couple  into  the  waveguide.  Hence  the  reflected  rf  energy  is 
again  reflected  at  the  rectangular  waveguide  interface  back 
towards  the  plasma,  passing  through  the  circular  polarizer  a 
third  time.  Any  rf  energy  reflected  a  second  time  from  the 
plasma  passes  again  through  the  circular  polarizer  and  the 
polarization  axis  is  returned  to  the  initial  orientation.  Note 
however  that  the  rf  must  interact  with  the  plasma  at  least 
twice  before  escaping  back  towards  the  rf  source.  For  any 
reasonable  absorption  of  rf  energy  by  the  plasma,  the 
reflected  energy  is  reduced  compared  with  direct  coupling 
of  the  waveguide  without  a  circular  polarizer.  Hence  the 
circular  polarizer  assembly  also  acts  as  an  isolator  and 
protects  the  rf  source  from  direct  reflection  of  rf  energy 
from  the  plasma. 


2.5  Plasma  Coupler 

Experience  has  suggested  the  importance  of 
concentrating  the  rf  energy  in  the  center  of  the  ECR 
plasma.  Achieving  such  a  concentration  of  rf  energy  is 
difficult  with  2450  MHz  ECR  plasmas  because  the 
transverse  dimensions  of  the  plasma  chamber  are  usually 
comparable  to  the  dimensions  of  the  WR-284 
waveguide.  Both  Chalk  River  and  Los  Alamos 
concentrated  the  rf  energy  by  using  a  ridge-loaded,  half¬ 
height  waveguide  and  have  claimed  improved 
performance  as  a  result.  [5],  [6]  The  waveguide 
assemblies  described  above  provide  such  concentration 
of  rf  energy  because  the  transverse  dimensions  of  the 
waveguide  are  reduced  substantially  compared  with  their 
air-filled  counterparts.  In  addition,  the  transverse  and 
longitudinal  dimensions  of  the  boron-nitride  dielectric 
can  be  tailored  to  optimally  match  the  rf  energy  into  the 
plasma  chamber  as  discussed  in  reference  [3].  The 
dielectric-loaded  waveguide  assemblies  provide  a  great 
deal  of  flexibility  in  optimizing  the  rf  coupler  because 
the  dielectric  constant  can  be  decreased  as  well  as 
increased  to  optimize  the  rf  coupling  to  the  plasma. 

3.  CONCLUSION 

The  2450  MHz  rf  feed  system  described  in  this  paper 
provides  a  number  of  specific  advantages  over 
conventional  rectangular  waveguide  systems.  Use  of 
this  waveguide  system  should  promote  better  rf  coupling 
to  the  plasma,  more  stable  plasma  operation,  and 
isolation  of  the  rf  power  system  from  reflected  rf  power. 
These  benefits  should  translate  directly  into  improved 
performance,  greater  stability  of  the  ion  source 
parameters  (ion  current,  species  ratio,  etc.),  improved  rf 
efficiency,  and  protection  of  the  rf  power  system  from 
reflected  rf  energy.  In  addition  the  user  can  directly 
compare  differences  in  ion  source  performance  between 
operation  with  linear,  RHC,  and  LHC  polarizations  by 
simply  rotating  the  circular  polarizer.  Tests  to  verify  the 
benefits  of  this  system  are  scheduled  to  take  place  later 
this  year. 
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Abstract 

A  computer  model  for  an  Electron  Cyclotron  Resonance 
Ion  Source  (ECRIS)  plasma  is  under  development  that 
currently  incorporates  non-Maxwellian  distribution 
functions,  multiple  atomic  species,  and  ion  confinement 
due  to  the  ambipolar  potential  that  arises  from  fast 
electrons.  Atomic  processes  incorporated  into  the  model 
include  multiple  ionization  and  multiple  charge-exchange 
with  rate  coefficients  calculated  for  non-Maxwellian 
distributions  The  electron  distribution  function  is 
calculated  using  a  Fokker-Planck  code  with  an  ECR 
heating  term.  The  Monte  Carlo  method  is  used  to 
calculate  the  charge-state  distribution  (CSD)  of  the  ions. 
The  Monte  Carlo  ion  tracking  is  verified  by  CSD 
comparison  with  a  conventional  0-D  fluid  model,  similar 
to  Shirkov’s[l].  The  Monte  Carlo  method  is  chosen  for 
future  extension  to  a  1-D  axial  model.  Axial  variations  in 
the  plasma  parameters  could  affect  confinement,  CSD  and 
extraction.  The  electron  Fokker-Planck  code  is  to  be 
extended  to  1-D  axial  by  bounce-averaging. 

1  INTRODUCTION 

The  complete  understanding  and  optimization  of  an 
ECRIS  is  complicated  with  many  issues  to  consider,  such 
as  plasma  confinement,  neutrals,  multiple  atomic  species, 
and  microwave  resonances.  Optimization  for  higher 
charged  states  and  higher  current  with  low  emittance  is 
challenging.  A  typically  optimization  is  by  trial  and  error 
because  there  are  few  suitable  numerical  tools  available, 
none  with  a  comprehensive  modeling  capability. 

Current  ECRIS  modeling  is  typically  a  0-D  fluid  model 
such  as  Shirkov’s  “Classical  Model  of  Ion  Confinement 
and  Losses  in  ECR  Ion  Sources”!  1],  Here  the  ion  charge- 
state-distribution  (CSD)  is  determined  by  solving  a  set  of 
coupled  fluid  equations.  Plasma  parameters  are  assumed  to 
be  uniform  over  the  plasma  volume  and  no  spatial  effects 
are  considered.  Confinement  is  determined  from  a  simple 
potential  and  magnetic  box/well  model.  This  0-D  fluid 
modeling  has  several  drawbacks,  in  particular  neglecting 
the  electron  distribution  function  and  spatial  effects. 


'Work  supported  by  the  U.S.  DOE-SBIR  Grant  Number  DE-FG03- 
97ER82381 

+  Email:  edgell@far-tech.com 
Email:  kimjs@far-tech.com 


1.1  Electron  Distribution  Function 

Due  to  ECR  heating  and  mirror  confinement,  the  electrons 
in  an  ECRIS  are  expected  to  be  highly  non-Maxwellian 
and  non-isotropic.  The  electrons  in  most  ECRIS  models 
are  typically  treated  as  two  separate  species,  cold  or  warm 
Maxwellian  electrons  and  hot  perfectly  confined 
collisionless  electrons  whose  temperatures  need  to  be 
input.  The  electron  confinement  usually  ignores  the 
potential  between  the  plasma  and  the  wall  despite  evidence 
that  it  is  comparable  to  the  cold  electron  energy[2].  Also, 
the  hot  electrons  are  obviously  not  perfectly  confined. 
Their  loss  rate  must  balance  the  rate  at  which  they  are 
created  by  ECR  heating. 

The  actual  electron  distribution,  fe,  would  be  better 
modeled  by  a  single  continuous  non-Maxwellian,  non¬ 
isotropic  distribution  function.  A  Fokker-Planck  code 
would  allow  fc  to  be  calculated  taking  into  account  RF 
heating  and  both  magnetic  and  potential  confinement. 
This  would  also  eliminate  the  electron  temperature  as  a 
fixed  input  to  the  model.  Ideally,  an  ECRIS  model  should 
require  as  input  parameters,  only  experimental  knobs  such 
as  the  magnetic  field,  gas  inlet,  rf  power  etc. 

1.2  Spatial  Effects 

Usually,  all  effects  of  spatially  varying  parameters  are 
ignored  in  ECRIS  models.  Confinement  is  modeled  by 
assuming  the  magnetic  field  and  potential  can  be  treated  as 
a  uniform  box/well.  Inside  the  well,  all  plasma  parameters 
are  assumed  to  be  constant.  However,  an  ECRIS  can  have 
complex  spatially  varying  asymmetric  magnetic  fields  and 
potentials.  In  addition,  the  plasma  parameters  are  not 
expected  to  be  uniform.  Higher  charge-states  are  expected 
to  be  confined  deeper  in  the  potential  well.  The  average 
electron,  ion  and  neutral  densities,  they  interact  with,  will 
be  different  than  those  seen  by  lower  charge  states.  In 
particular,  the  varying  conditions  the  ions  must  travel 
through  between  the  main  plasma  and  the  extraction  point 
should  be  considered. 

Due  to  the  high  electron  mobility,  the  electron  spatial 
effects  can  be  accounted  for  by  a  bounce-averaged  Fokker- 
Planck  code.  In  a  typical  ECRIS,  however,  the  ion  bounce 
frequency  is  much  smaller  than  the  ion  collision  frequency 
and  a  bounce-averaged  treatment  is  inappropriate. 
Extending  a  fluid  model  axially  may  also  be  inappropriate 
as  the  plasma  near  the  extraction  point  will  be  less  dense 
and  thus  less  collisional  than  in  the  center  of  the  plasma 
and  the  fluid  approximations  may  not  apply.  The  Monte 
Carlo  method  is  better  suited  for  determining  the  ion 
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spatial  effects.  This  method  can  handle  both  highly 
collisional  and  collisionless  regimes  with  smoothly 
varying  and  non-symmetric  magnetic  fields  and  potentials, 
resulting  in  better  estimates  of  the  true  ion  confinement. 
A  Monte  Carlo  model  would  also  be  better  suited  for  the 
possible  future  addition  of  ICRH  and  the  resultant  ion 
distribution  anisotropy. 

2  GENERIC  ECRIS  MODEL 

In  this  paper,  we  present  the  initial  results  of  the  Generic 
ECRIS  Model  (GEM)  code  which  attempts  to  improve 
ECRIS  modeling  by  using  an  electron  Fokker-Planck  code 
and  including  Monte-Carlo  ion  modeling. 

Collisional  processes  incorporated  into  the  model  so  far 
include  the  single,  double  and  triple  electron  impact 
ionization  cross-sections,  &,  of  Lotz[3],[4]  and  Muller  et. 
al.[5],[6],  along  with  single,  double,  triple  and  quadruple 
charge-exchange  cross-sections,  acx,  from  Muller  and 
Salzbom[7].  For  simplicity,  we  will  include  only  single- 
step  collision  terms  in  all  of  the  equations  to  follow. 

2. 1  0-D  Fluid  Model 


For  comparison,  initial  modeling  results  have  also  been 
obtained  using  a  0-D  fluid  model  similar  to  Shirkov’s  [1]. 

Neutral  Modeling:  The  neutral  density  inside  the 
plasma  is  determined  from  the  neutral  density  outside  the 
plasma  and  the  rate  at  which  neutrals  are  converted  into 
ions  inside  the  plasma  volume. 

Ambipolarity:  Radial  transport  is  assumed  to  be 
negligible  compared  to  axial  endloss.  Thus,  the  endloss 
currents  must  be  ambipolar  or  balance. 


where  Seexl  is  the  external  electron  source. 

The  confinement  time  for  an  ion  of  atomic  species  j  and 
charge  q,  in  a  confining  potential,  is  given  by[8] 


exp(x) 


where  _ 

Wo  w  c  -Jn{R + 1)  ln(2R + 2) 
7;  2  R 


and  <p0  is  the  ion  confining  well  potential,  R  is  the  mirror 
ratio  and  L  is  the  length  of  the  core  plasma. 

Ion  Power  Balance:  The  ion  temperature  is 
determined  by  solving  the  ion  power  balance 

f  («!/.) = +  # + fl  *  *  <f) 

where  the  terms  on  the  right  account  for,  respectively,  the 
initial  energy  of  the  ionized  neutrals,  energy  due  to 
ionization  inside  a  potential  well,  electron  collisional 
heating,  energy  lost  due  to  charge  exchange  and  energy 
lost  due  to  the  ion  endloss.  All  ion  species  are  assumed  to 
have  the  same  temperature.  Model  test  runs  with  separate 
ion  temperatures  for  different  atomic  species  have  verified 


that  ion  thermal  equilibration  is  fast  and  all  ion  species 
will  have  nearly  identical  temperatures. 

Ion  CSD  Modeling:  The  ion  CSD  is  arguably  the 
most  important  result  desired  from  an  ECRIS  model. 
Traditionally,  ECRIS  models  have  determined  the  CSD  by 
solving  a  coupled  set  of  fluid  equations  for  multiple 
atomic  species  j... 

+«^.Xte-^h.o -^I(Cv>a. o -~L 

h  h  4m 

In  the  above  set,  there  is  one  equation  for  each  charge-state 
of  each  atomic  species. 

2.2  Fokker-Planck  Electron  Model 


The  electron  distribution  function,  fe(v,0),  can  be 
determined  by  solving  the  Fokker-Planck  equation 

+  S,(v,0)+S*(v,0) 

dt  ok  me  dv  \  d  )cM 
where  (df^dt)^  is  the  Fokker-Planck  collisional  operator, 
Se  is  the  cold  electron  source  and  Srf  is  the  perpendicular 
diffusion  ECRF  heating  term: 


Drf  =  D«exp(~V%c2) 
prf  =  2nemeD0Vp 

The  nonlinear  multispecies  code  FPPAC94[9]  has  been 
incorporated  into  the  model.  The  Fokker-Planck  modeling 
also  determines  the  e-i  collisional  energy  exchange  and  the 
electron  confinement. 

As  the  electron  distribution  function  is  highly  non- 
Maxwellian  and  non-isotropic,  the  reaction-rate  coefficient 
should  be  calculated  explicitly  from  distribution  functions 
of  the  two  colliding  species. 

(<*>  =  ^7a(v)4(v0tr(|v-v1)|v-v1 

nanb 

The  model  incorporates  a  routine!  10]  to  compute  the 
reaction-rates  for  arbitrarily  shaped  distribution  functions. 
The  routine  can  employ  a  non-uniformly  spaced  velocity- 
distribution,  suitable  to  an  ECRIS,  where  the  electrons, 
ions  and  neutrals  can  have  average  velocities  orders  of 
magnitude  apart. 


2.3  Monte  Carlo  Ion  Model 


As  discussed  in  Section  1.2,  a  Monte-Carlo  model  could 
incorporate  the  effects  of  spatially  varying  parameters  on 
the  ion  confinement  and  CSD.  A  Monte  Carlo  code  has 
several  advantages.  The  Monte  Carlo  method  is  a  powerful 
tool  that  enables  the  inclusion  of  complex  geometries, 
energy  distribution  functions,  and  detailed  atomic 
processes.  The  ion  confinement,  CSD  and  distribution 
function  could  be  calculated  axially  using  axially  varying 
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Figure  1 :  Comparison  of  Modeling  results  with  ANL  ECR-II  Faraday  cup  measurements 


plasma  parameters  such  as  the  potential.  A  full  1-D 
axially  Monte  Carlo  ion  model  is  planned  for  this  model. 

As  a  first  step,  the  Monte  Carlo  method  has  been 
incorporated  in  the  code  to  calculate  the  0-D  multi-species 
ion  CSD. 

3  RESULTS 


3.2  Ion  CSD  Modeling 

Sample  results  of  the  initial  CSD  Monte  Carlo  modeling 
in  comparison  with  the  fluid  ion  modeling  are  shown  in 
Figure  2  for  a  pure  Neon  plasma.  They  give  nearly 
identical  predictions,  indicating  the  Monte  Carlo  modeling 
is  tracking  the  ion  charge  state  correctly. 


3.1  Electron  Modeling 


4  DISCUSSION 


To  investigate  the  validity  of  the  model,  comparisons 
have  been  made  with  Faraday  cup  measurements  from 
ECR-II  at  Argonne.  Due  to  an  air  leak  the  plasma  ions 
had  four  major  atomic  species:  He,  N,  O  and  Ne  ions.  The 
experimental  data  are  shown  as  plot  a  in  Figure  1 . 

The  need  for  Fokker-Planck  electron  modeling  is 
demonstrated  by  plots  b  and  c  in  Figure  1 .  Plot  b  was 
produced  by  a  Maxwellian  electron  distribution  (Te=2  keV) 
while  plot  c  results  from  a  combining  collisionless  hot 
electrons  (lOOkeVj  with  a  very  small  amount  (-0.3%) 
cold  electrons  (70eV).  Clearly,  one  can  match  the 
experimental  data  using  very  different  assumed  electron 
distributions. 

To  eliminate  this  arbitrariness,  the  electron  distribution 
should  be  determined  by  solving  the  Fokker-Planck 
equation.  The  predictions  of  the  Fokker-Planck  electron 
modeling  are  given  as  plot  d  of  Figure  1.  The  Fokker- 
Planck  electron  modeling  produces  a  good  match  to  the 
experimental  data  with  less  arbitrariness. 
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Figure  2:  Comparison  of  Monte  Carlo  and  fluid 
predictions  for  the  ion  densities  in  a  pure  Neon  plasma 


To  be  predictive,  the  model  should  rely  on  measured 
experimental  “knobs”  only.  Even  with  Fokker-Planck 
modeling  of  the  electrons,  some  quantities  such  as  the 
core  plasma  length  and  the  electron  confining  potential 
still  need  to  be  arbitrarily  input  to  the  model.  By 
extending  the  modeling  spatially  to  1-D  axially,  one 
should  be  able  to  determine  these  quantities  from  the 
plasma  confinement. 

The  ion  Monte-Carlo  code  must  be  extended  to  spatially 
track  the  ions  and  determine  their  profiles  and  confinement 
in  addition  to  their  CSD. 

The  electron  Fokker-Planck  code  should  be  bounce- 
average  to  account  for  the  localization  of  the  ECR 
resonant  surface  and  also  the  spatially  varying  potential 
and  magnetic  field.  The  electron  distribution  function 
modeling  could  also  be  improved  further  by  including 
energy  losses  due  to  radiation  and  relativistic  effects. 
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Abstract 

The  electron  cyclotron  resonance  (ECR)  ion  sources  are  in¬ 
creasingly  popular  for  producing  highly  charged  ions.  With 
worldwide  proposals  to  build  the  Isotope  Seperator  On- 
Line  (ISOL)  facility  being  at  hand,  it  becomes  important  to 
design  a  high  efficiency  ion  source  as  a  charge  breeder  for 
the  secondary  beam.  A  novel  type  of  ECR  ion  source  based 
on  a  flat  magnetic  field  configuration  has  been  proposed  by 
Alton  et  al.  [1,  2]  This  source  provides  a  large,  on-axis 
electron  cyclotron  resonance  region,  ”ECR-volume”.  Due 
to  a  larger  ECR  zone,  absorptivity  of  microwave  power 
into  plasma  is  much  increased,  thereby  electron  becomes 
so  hot.  And  hot  electron  population  of  the  plasma  could  re¬ 
sult  in  higher  charge  states  and  higher  beam  intensity.  Two 
sloenoids  are  used  to  produce  axial  mirror  magnetic  field. 
Twelve  permanent  magnets  (NdFeB)  are  designed  for  con¬ 
fining  the  hot  electrons  in  the  radial  direction.  Moreover, 
specially  designed  iron  yokes  are  added  to  create  the  flat 
central  field  region.  The  single  injected  microwave  fre¬ 
quency  is  tunable  in  the  range  of  6.45  to  14  GHz  covering 
the  range  of  the  Ku  band.  We  shall  present  the  design  re¬ 
port  concerning  the  field  mapping  obtained  by  POISSON 
and  OPERA-3D  together  with  and  mechanical  design. 

1  INTRODUCTION 

ECR  ion  source  (ECRIS)  was  first  proposed  by  R.  Geller 
and  H.  Postma  in  late  1960’s  for  fusion  plasma  studies. 
Since  then,  ECRIS  has  improved  continuously  in  many 
fields  of  sience.  Specially,  The  ECRIS  is  a  very  efficient 
tool  providing  highly  charged  ions  for  atomic  and  nuclear 
research,  material  science,  and  surface  physics.  The  most 
important  factors  in  ECRIS  are  the  electron  density,  the 
electron  temperature  and  the  confinement  time  of  plasma 
to  produce  highly  charged  ions.  In  a  conventional  ECRIS, 
the  magnetic  mirror  makes  a  parabolic  shaped  field  and 
the  ECR  zones  are  ellipsoidal-shaped  surfaces  which  oc¬ 
cur  when  microwave  frequencies  have  the  same  value  with 
electron  cyclotron  frequencies.  There  have  been  various 
attempts  to  increase  beam  intensity  and  charge  state.  The 
multi-frequency  heating  has  proved  an  effective  way  to  in¬ 
crease  both  the  number  and  width  of  the  ECR  zone  [3]. 
Wall  coating  [4]  in  the  inner  wall  of  plasma  chamber  was 
attempted  in  order  to  supply  more  electrons.  The  after¬ 
glow  effect  drastically  improved  beam  intensity  by  one  or¬ 
der  of  magnitude  through  injection  of  a  pulsed  microwave 
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Japan  Basic  Scientific  Promotion  Program  (KOSEF-JSPS  1988)  and  in 
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[5],  Despite  of  these  attempts,  the  only  small  fraction  of 
the  whole  plasma  still  participates  in  the  resonance  of  mi¬ 
crowaves  and  electrons  in  this  case.  Therefore,  electrons 
can  be  accelerated  only  in  this  ECR  zone.  In  addition,  be¬ 
cause  the  size  of  ECR  zone  is  smaller  than  that  of  plasma 
volume,  that  is,  ne/no  <  1  [6],  it  has  a  small  ionization 
volume,  and  therefore,  the  absorptivity  of  microwave  is 
limited  by  the  size  of  ECR  zone.  To  produce  more  highly 
charged  ions,  first  of  all,  the  ECRIS  is  preferred  to  have 
a  larger  ECR  zone.  The  volume  type  ECRIS  proposed  by 
Alton  et  al.  [  1 , 2]  is  a  very  efficient  means  for  enlarging  the 
size  of  ECR  zone.  In  present  work,  we  use  two  solenoid 
coils  for  mirror  field  and  iron  return  yoke  for  producing  flat 
magnetic  field  in  the  central  region  of  plasma  chamber.  Si¬ 
multaneously  we  tried  to  minimize  the  amount  of  electrons 
which  are  intended  to  escape  into  the  wall  of  plasma  cham¬ 
ber,  with  twelve  NdFeB  permanent  magnets  in  a  multicusp 
magnetic  field. 

2  MAGNETIC  SYSTEM  DESIGN 


Figure  1 :  Schematic  view  of  magnetic  system 


2.1  Axial  mirror  field 

In  this  ECRIS,  we  use  two  solenoid  coils  (inner  radius 
40  mm,  outer  one  160  mm,  thickness  50  mm)  to  make 
a  variable  mirror  magnetic  field.  The  schematic  view  of 
magnetic  system  is  shown  in  Fig.l.  There  is  also  an  added 
30  mm-thick  return  yoke  in  order  to  reduce  power  con¬ 
sumption  and  to  produce  a  flat  magnetic  field  inside  the 
plasma  chamber.  The  ratio  of  a  maximum  and  a  mini¬ 
mum  magnetic  field,  mirror  ratio,  is  Bmax/Bmin  ~  2.4 
at  14  GHz  microwave.  This  large  ECR  volume  is  able  to 
heat  more  electrons  distributed  throughout  the  whole  area 
of  plasma.  And  the  population  of  hot  electrons  can  produce 
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more  highly  charged  ions.  Fig.  2  and  Fig.  3  are  the  results 
of  simulation  using  by  the  POISSON  code  [7]. 


Figure  2:  Simulated  result  of  the  full  axial  mirror  magnetic 
field  distribution 


Figure  3:  Simulated  result  of  axial  mirror  magnetic  field 
along  the  symmetric  axis 


2.2  Radial  magnetic  field 

Twelve  permanent  magnets  (NdFeB)  are  employed  to  make 
the  volume  type  realized,  instead  of  the  hexapole  field, 
which  is  composed  of  six  permanent  magnets  usually  used 
in  conventional  ECRIS  for  plasma  confinement  along  the 
radial  direction.  As  is  well  known,  the  magnetic  field 
along  the  radial  direction  is  expressed  Br  —  B0rN/2~l 
[8].  Thus,  the  magnetic  field  can  be  produced  flat  as  the 
number  of  magnets  is  increased.  Then,  the  ECR  volume 
along  the  radial  direction  gets  easily  attained.  The  magnets 
comprise  twelve  NdFeB-its  horizontal  and  vertical  size  are 
14  mm  and  30  mm ,  respectively.  Fig.  4  and  5  is  a  three 
dimensional  field  distribution  and  cross-sectional  field  ob¬ 
tained  by  OPERA-3D[9],  respectively. 


Figure  4:  Magnetic  field  distribution  of  radial  multicusp 
magnets 


Figure  5:  BT  along  the  radial  direction 


3  MICROWAVE  SYSTEM 

The  microwave  system  is  designed  to  be  variable  in  the 
range  of  6.45  to  14  GHz  with  a  single  injection  port 
along  the  axial  direction.  With  the  present  magnetic  sys¬ 
tem  shown  in  Fig.  1,  the  flat  ECR  region  can  be  maintained 
for  this  range  of  microwave  frequency.  Fig.  6  shows  ax¬ 
ial  magnetic  fields  corresponding  to  the  microwave  freque- 
nies,  where  the  relation  that  wce  =  eB/m  =  urf  leads  to 
a  simple  expression  as  fce  =  2.8Becr  ( GHz )  with  Becr  in 
units  of  kilogauss. 

4  DISCUSSION 

To  extend  the  size  of  the  ECR  zone  is  a  very  effi¬ 
cient  method  for  producing  highly  charged  ions.  Multi¬ 
frequency  heating,  broadband  frequency  [2]  and  volume 
type  ECRIS  are  used  for  this  purpose.  In  future  work,  we 
will  construct  the  volume  type  ECRIS  which  successfully 
worked  out  by  Alton  et  al.  [2]  and  Heinen  et  al.  [10]  In 
addition  two  solenoids  are  used  for  varying  flat  magnetic 
fields.  In  the  present  work,  we  carried  out  the  mechanical 
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Figure  6:  Various  axial  magnetic  fields 


design  and  simulated  magnetic  fields. 
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This  paper  gives  performance  data  for  construction  of 
suitable  hexapoles  for  Electron  Cyclotron  Resonance  Ion 
Sources  (ECR  IS).  Permanent  magnets  are  made  from  Nd- 
FeB  magnetic  material.  The  main  attention  is  given  to 
hexapoles  with  inner  diameters  of  0  3.6  cm  at  different 
hexapole  thicknesses  of  1.3  -  6  cm.  Some  remarks  on  con¬ 
struction  of  type  hexapoles  are  presented. 

1  INTRODUCTION 

About  30-year  history  of  Electron  Cyclotron  Resonance 
Ion  Sources  (ECR  IS)  [1-2],  which  are  based  on  the  ECR 
has  already  shown  that  the  ECR  IS  is  an  ideal  tool  for  the 
production  of  multicharged  ion  states.  The  highly  charged 
heavy  ions  are  very  useful  not  only  for  the  ion  source  accel¬ 
erators,  but  also  for  the  investigations  of  the  ion  collision 
process  as  well  as  for  various  applications  to  material  sci¬ 
ence. 

Recently  a  compact  ECR  IS,  so  called  ’’Compact  10  GHz 
ECR  IS”  [3],  composed  of  permanent  magnet  structure  has 
been  developed  at  University  in  Giessen,  Germany,  for 
atomic  physics  experiments.  This  type  of  ECR  IS  is  very 
simple  and  easy  for  operation  and  maintenance  without 
powerful  electric  supplies  and  cooling  systems  for  getting 
strong  magnetic  field  without  using  of  coils. 

By  considering  this,  we  construct  ion  irradiation  system 
using  ECR  IS  so  called  ’’NANOGUN-10B”  at  Bratislava. 

2  MAGNETIC  FIELD  CALCULATIONS  OF 
HEXAPOLES 

The  plasma  in  the  ECR  IS  is  kept  together  by  a  mag¬ 
netic  field  inside  magnetic  bottle.  The  field  consists  of 
a  longitudinal  one,  made  by  coils  or  permanent  mag¬ 
nets  and  a  transversal  one,  made  by  hexapole  compound 
of  permanent  magnets.  The  magnetic  bottle  is  the  re¬ 
gion  surrounded  by  a  closed  surface  of  constant  mag¬ 
netic  field  B  so  that  |B|  e  =  meuirf,  where  B  is  the  av¬ 
erage  value  of  the  magnetic  field  in  the  region  where  the 
plasma  is,  e  the  charge  of  the  electron,  me  the  mass  of 
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the  electron  and  urj  the  microwave  frequency  matching 
the  electron  cyclotron  frequency  u>c.  For  uic  -  10  GHz 
we  need  |B|  =  0.36  T  and  |B|  =  0.50  T  for  wc  =  14  GHz. 
The  magnetic  field  inside  the  plasma  region  is  lower  than 
that  on  the  surface  of  the  magnetic  bottle.  The  stronger 
is  the  magnetic  field  inside  the  magnetic  bottle  the  higher 


Figure  1:  Cross  section  view  of  the  hexapolar  structures. 
Here,  m  is  radius  and  ABCDEFGH  characteristic  segment 
of  hexapole. 

is  the  rf  frequency  of  the  resonance  electrons.  We  thus  can 
obtain  larger  plasma  density  that  results  in  larger  ionization 
possibility. 

The  computer  program  PANDIRA  [4]  was  used  at  the 
calculations.  The  program  calculates  magnetic  field  on  a 
grid  in  a  2-dimensional  space.  Permanent  magnets,  iron, 
currents  and  other  anisotropic  and  isotropic  materials  can 
be  defined  by  the  user  in  several  regions. 

We  have  investigated  22  hexapoles  with  the  thicknesses 
of  H  =  1.4  cm  and  the  inner  radii  of  hexapoles  r#  €  (1.3, 
6)  cm.  Hexapole  magnets  are  made  of  NdFeB  with  a  re- 
manence  of  1.1  T  and  a  coercivity  of  800  kA/m.  Each 
calculated  hexapole  consists  of  24  trapezoidal  segments 
where  the  angle  of  magnetization  varies  by  60°  from  one 
segment  to  the  next  one.  Fig.  1  shows  cross  section  view 
of  hexapolar  structures. 

A  detailed  description  of  this  hexapole  geometry  is 
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given  elsewhere  [5].  With  this  hexapole  geometry 


Figure  2:  Magnetic  field  B  inside  hexapole  where  Bm,n 
=  0  for  0.9  cm  <  rm,-„  <  1.3  cm.  Here,  r#,H  and  r  are 
inner  radius,  thickness  and  cylindrical  coordinate  of  hexapole, 
respectively. 


Figure  3:  Magnetic  field  B  inside  hexapole  where  Bm,-„ 
=  0  for  1.1  cm  <  rm,n  <  1.6  cm.  Here,  rjy,H  and  r  are 
inner  radius,  thickness  and  cylindrical  coordinate  of  hexapole, 
respectively. 

a  magnetic  field  of  1  T  is  obtained  at  the  inner  radius  of 
hexapole  r h  =  5.2  cm  (the  thickness  of  hexapole  H  =  1.4 
cm).  This  value  corresponds  to  a  ratio  of  BmaxfYlECR  = 
2.77  at  the  resonance  magnetic  field  of  B ecr  =  0.36  T 
corresponding  to  a  cyclotron  frequency  of  10  GHz. 

The  calculations  were  done  in  the  segment  that  is  1/12  of 
the  total  hexapole  in  which  both  the  mirror  and  the  rotational 
symmetries  are  assumed.  The  boundary  conditions  were 
also  fixed.  The  results  of  the  calculations  are  summarized 


in  Figs.  2  to  7.  Figs.  2  to  4  show  magnetic  field  B  inside  a 
hexapole  as  a  function  of  a  cylindrical  coordinate  r.  These 
values  correspond  to  the  different  cylindrical  coordinates 
r mi„  at  which  is  the  magnetic  field  Bm,n  =  0,  mainly  rm,-n 
G  (0.9,  2.1)  cm.  Figs.  5  to  7  show  a  magnetic  field  of  B 
inside  a  hexapole  as  a  function  of  a  cylindrical  coordinate  r. 
These  values  correspond  to  the  different  average  quantities 
Ar0  =  Ar,/n  for  Ara  €  (0.133,  1.26)  cm,  where  Ar,-  = 
(th—  r ),-,  n  is  the  number  of  Ar,  ,  r h  the  inner  radius  of 
hexapole  and  r  the  cylindrical  coordinate.  Only  one  value  of 
Ar,-  is  considered  for  the  given  calculation  of  the  magnetic 
field  of  hexapole. 


Figure  4:  Magnetic  field  B  inside  hexapole  where  B,mn 
=  0  for  1.6  cm  <  rm,n  <  2.1  cm.  Here,  xh,  Hand  rare 
inner  radius,  thickness  and  cylindrical  coordinate  of  hexapole, 
respectively. 


3  RESULTS 

We  have  chosen  the  thickness  of  hexapole  H  =  1 .4  cm 
for  NANOGUN- 1 0B  to  find  the  maximum  of  the  magnetic 
field  Bmax  in  the  region  of  xh  €  (1.3,  6)  cm.  Suitable 
radius  of  hexapole  can  be  taken  from  the  region  r #  €  (1.7, 
3.2)  cm  for  the  ECR  IS  NANOGUN-10B.  An  increasing 
of  magnetic  field  at  the  surface  of  hexapole  has  also  been 
found  of  AB  =  0.24,  0.14,  and  0.06  T  in  the  regions  of  r h 
€  (1.3,  1.9)  cm,  xh  6  (1.8,  2.4)  cm,  and  r h  £  (2.6,  3.2) 
cm,  respectively. 

To  understand  the  influence  of  parameter  Ar„  on  B(r) 
distributions,  we  have  shown  Figs.  5  to  7.  The  higher  is 
the  parameter  Ar„  the  lower  is  the  magnetic  field  B  for  the 
given  coordinate  r.  A  saturation  of  the  magnetic  field  B, 
(Bs  =  1.09;  0.8;  0.65,  and  0.55  T)  at  the  parameters  Ara 
E  (0.133, 0.44)  cm  can  be  seen.  Therefore  the  magnetic 
field  at  the  ECR  IS  plasma  chamber  surface  is  0.45  T  for 
hexapole  of  xh  =  1-8  cm  and  for  the  plasma  chamber  thick¬ 
ness  of  1 .77  mm. 

A  well-known  rule  of  plasma  physics  says  that  the 
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higher  is  the  mirror  ratio  of  a  magnetic  trap,  the  smaller 
is  the  number  of  the  particles  lost  from  the  confined 
plasma.  The  confining  trap  in  the  ECR  IS  is  formed 
by  the  superposition  of  a  mirror  field  and  a  hexap- 
olar  field.  The  higher  is  the  hexapolar  field,  the 
higher  is  the  confining  trap  and  the  ratios  Bma;c/|B|  and 
Bmo*/Bmj„  that  are  also  important  for  ECR  heating. 


r  (cm) 

Figure  5:  Magnetic  field  B  inside  hexapole  where  Ara,  H 
and  r  are  parameter,  thickness  and  cylindrical  coordinate  of 
hexapole,  respectively. 


r  (cm) 

Figure  6:  Magnetic  field  B  inside  hexapole  where  Ar0,  H 
and  r  are  parameter,  thickness  and  cylindrical  coordinate  of 
hexapole,  respectively. 

4  CONCLUSIONS 

The  magnetic  field  inside  hexapole  with  thickness  of  H 
=  1.4  cm  have  been  calculated,  as  well  as  influence  of 


parameters  Ara  on  B(r).  It  has  been  shown  that  the  higher 
is  the  parameter  Ara  the  lower  is  the  magnetic  field  B  for  the 
given  coordinate  r.  The  thickness  of  hexapole  H  =  1 .4  cm 
for  NANOGUN- 1  OB  has  been  chosen  to  find  a  maximum 
of  the  magnetic  field  Bmax  in  the  region  of  r#  G  (1.3,  6) 
cm.  We  have  shown  that  the  best  results  are  obtained  with 
hexapole  shape  where  r#  €  (1.4,  2.4)  cm. 


r  (cm) 

Figure  7:  Magnetic  field  B  inside  hexapole  where  Ar0)  H 
and  r  are  parameter,  thickness  and  cylindrical  coordinate  of 
hexapole,  respectively. 
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Abstract 

The  electron  beam  ion  source  (EBIS)  can  deliver 
sufficiendy  short  and  intense  pulses  of  fully  stripped  light 
ions  for  single  turn  injection  into  a  dedicated  synchrotron 
for  hadron  therapy.  The  technology  of  such  a  MEDEBIS 
resembles  travelling  wave  tubes  used  in  satellites  and  can 
also  be  designed  for  lifetimes  up  to  ten  years.  In  a  first 
setup  using  a  normal  conducting  solenoid  of  0.75  T  and  a 
trap  length  of  0.25  m  the  source  delivered  high  charge 
states  of  light  ions  like  O8*,  07+,  O6*  and  C*,C*[1].  The 
fast  ion  extraction  in  less  than  2ps  is  realised  trough  a 
special  electrostatic  structure  providing  a  pulsed 
extraction  potential  gradient  along  the  axis  of  the  whole 
ion  trap.  The  first  results  were  very  promising,  but  the 
residual  gas  pressure  in  the  ionisation  region  was  too  high 
to  make  use  of  a  sufficiently  long  confinement  time  in 
order  to  reach  full  abundance  of  bare  nuclei.  For  the 
reconstructed  MEDEBIS  the  inner  two  windings  of  the 
solenoid  were  drilled  out  to  allow  for  a  vacuum  tube  of 
about  twice  the  diameter  with  better  conductance. 
Together  with  the  implementation  of  NEG  getter  material 
the  residual  gas  pressure  should  be  lowered  sufficiently  to 
reach  the  required  yield  of  the  fully  stripped  ions.  Iron 
disks  of  high  permeability  have  been  added  at  both  ends 
of  the  solenoid  to  increase  the  homogeneity  of  the 
magnetic  field  as  well  as  to  reduce  the  field  in  the  gun  and 
collector  regions  for  a  higher  focussed  current  density  in 
the  trap  region.  The  new  MEDEBIS  is  under  test  and  new 
experimental  results  will  be  presented. 

1  INTRODUCTION 

Treating  cancers  with  heavy  ions  is  a  very  promising  kind 
of  therapy  for  cases  in  which  local  control  of  tumors  with 
conventional  therapy  fails.  Conventional  radiation  such  as 
bremsstrahlung,  electrons  or  y-rays  show  an  exponential 
decrease  of  deposited  energy  while  penetrating  deeper 
into  tissue.  Ions  in  contrary  deposit  most  of  their  energy  in 
a  narrow  region,  the  bragg  peak,  at  the  end  of  their  track, 
so  healthy  tissue  in  the  tumor’s  vicinity  will  not  being 
radiated.  The  first  approaches  to  this  kind  of  therapy  have 
taken  place  since  1994  using  large  research  accelerator 
centers  i.e.  Berkeley,  United  States,  Chiba,  Japan  or  GSI, 
Germany.  Their  aim  is  to  give  proof-of-principle  while 
the  realisation  of  hospital  based  therapy  will  need  smaller 
machines  dedicated  only  to  clinical  purposes.  This  is  the 


point  where  an  electron  ion  beam  source  (EBIS)  comes 
into  consideration.  An  EBIS  yields  a  short,  but  very 
intense  ion-pulse  of  fully  stripped  ions.  Using  an  EBIS 
gives  sufficiently  current  of  bare  nuclei  so  the  ion  source 
alone  combined  with  a  low  duty  cycle  RFQ  is  all  what  is 
needed  as  an  injection  line  for  a  synchrotron[2].  Even  the 
time  structure  of  the  ion  pulse  is  well  suited  for  single  turn 
injection,  leading  to  a  less  complex  synchrotron. 
Advantageously,  the  lifetime  of  an  EBIS,  resembling 
travelling  wave  tubes  in  satellites,  can  easily  reach  ten 
years  since  it  has  no  consumable  parts.  A  setup  like  this 
wouldn’t  need  a  linac  besides  a  RFQ  and  a  stripper[3], 

2  THE  MEDEBIS  PRINCIPLE 

At  the  Institut  fuer  Angewandte  Physik,  Goethe- 
Universitaet,  Frankfurt/Germany  we  assembled  last  year  a 
reconstructed  prototype  of  such  an  medically  dedicated 
EBIS,  named  MEDEBIS.  To  reduce  complexity  and  costs 
we  use  a  normal  conducting  solenoid  of  0.8  T  for 
magnetical  focussing  of  the  electron  beam.  The  electron 
gun  and  collector  are  magnetically  shielded  by  iron 
cylinders  of  high  permeability.  Within  the  electron  beam 
gas  atoms  of  the  feed  gas  like  oxygen  or  carbon  (methane) 
are  getting  ionised  due  to  electron  impact.  Ions  will  be 
trapped  radially  in  the  space  charge  of  the  electron  beam 
while  they  are  confined  on  a  length  of  0.25m  due  to  the 
positive  potential  of  barrier  electrodes  around  the  axis.  For 
the  extraction  a  potential  gradient  will  be  applied  to  the 
ion  trap,  provided  by  a  combination  of  two  reverse  slitted 
electrostatic  structures  on  different  radius.  The  slits  have 
a  parabolic  shape  resulting  in  an  adjustable  linear  gradient 
while  having  different  potentials  on  each  electrode.  The 
rise  of  the  gradient  allows  a  pulse  compression  down  to 
2ps,  what  has  already  been  proofed[4].  The  confinement 
time  of  the  ions  is  dependent  on  the  charge  state  and 
number  of  bare  nuclei,  so  ion  species  and  current  can  be 
adjusted  by  the  frequency  of  pulsing.  A  very  important 
fact  for  the  EBIS  principle  is  the  vaccum  condition  inside 
of  the  ion  trap.  As  most  of  the  currently  used  EBIS 
devices  base  on  a  cryogenic  environment  we  had  to  deal 
with  the  higher  desorption  rates  of  a  warm  solenoid.  So 
far  we  installed  a  larger  vaccum  tube  in  which  NEG  getter 
material  has  been  introduced  to  provide  an  active  pumping 
surface. 
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The  expected  ion  current  being  trapped  in  the  electron 
beam  is  limited  by  the  space  charge  density  p  of  the 
beam.  Experience  so  far  has  shown  that  the  number  of 
extracted  ion  charges  cannot  exceed  the  number  of 
electrons  in  the  trap  region.  With  N'  the  number  of 
electrons  in  a  cylindrical  electron  beam  of  the  length  1, 
perveance  P  and  the  energy  e-U0,  the  number  of  storeable 
ions  N+  is  equal  or  less  than  the  number  of  electrons: 


Pl-Up 

q 


io13 

q 


•P-l-Uo 


(i) 


Tab.  1:  Actual  MEDEBIS  parameters: 


Geometry 

Length  of  ion  trap 

0.25  m 

Magnetic  field 

0.8  T 

Electron  beam 

Energy 

3  keV 

Electron  current 

300  mA 

Current  density 

-250  A/cm2 

Extraction 

C64  particles  per  spill* 

2.2*  1010 

Shortest  extraction  time 

2ps 

Ion  current  C64  * 

1.5  mA 

Extraction  gradient 

0-3kV/m 

*  Calculated  by  (1)  for  maximum  of  storeable  charges  at 
2ps  extraction  time  at  present  working  parameters.  Not 
yet  being  observed  ! 


3  MEASUREMENTS  AND  RESULTS 

Due  to  the  extensive  use  of  passive  magnetic  elements 
such  as  iron  discs  enclosing  the  electron  gun  and  the  main 
solenoid  two  important  improvements  have  been  done. 
First  of  all  the  magnetic  field  along  the  ion  trap  shows  a 
more  constant  behaviour  over  a  broader  length  than 
before,  which  is  equal  to  a  constant  high  compression  in 
this  area. 


-15,0  -5,0  5.0  15.0  25,1 


z-axfs  [cm] 

Fig  1.:  MEDEBIS  magnetic  field  along  the  ion  trap 


Secondly  a  higher  beam  compression  right .  after  the 
cathode  leads  to  an  more  intensive  electron  beam.  The 
electron  current  which  could  be  obtained  up  to  now  is 
300  mA,  80%  more  than  in  the  first  setup.  Ionisation 
measurements  at  65mA  allow  to  deduce  a  current  density 
of  50  A/cm2,  what  leads  to  the  conclusion  that  with  the 
unchanged  parameters  of  the  main  solenoid  and  given 
apperture  of  the  barrier  electrodes  we  have  now  current 
densities  around  250  A/cm2.  Measurement  of  the  actual 
current  density  through  charge  state  breeding  is  already  in 
process.  The  whole  setup  has  been  constructed  for 
currents  up  to  800mA  and  current  densities  in  the  region 
of  600  A/cm2,  leading  to  particle  spills  of  3*1010  C6*  or  an 
ion  current  equivalent  to  ~2  mA.  During  the  ramp  up  of 
the  electron  beam  it  has  been  observed,  that  a  dynamic 
reconfiguring  of  the  magnetic  fields  especially  at  the  end 
of  the  ion  trap  is  necessary,  while  increasing  the  beam 
current.  This  can  be  interpreted  as  a  change  of  the  beam 
spreading  due  to  its  increasing  space  charge  at  constant 
magnetic  focussing  which  needs  a  different  magnetic  field 
to  be  counteracted. 

Loss  of  electron  current  on  some  of  the  electrodes  could 
be  minimized  through  the  steerable  iron  shielding  discs  as 
well  as  through  a  reconfigured  magnetic  field.  The  new 
developed  collector  designed  for  surpressing  of  x-rays 
leading  to  desorption  as  well  as  to  cope  with  a  4kW 
electron  beam  has  already  collected  96%  of  the  lkW 
electron  beam,  which  is  currently  under  test.  During  all¬ 
experiments  a  pressure  of  10 4  mbar  in  the  electron  gun 
and  collector  recipients  is  maintained. 

4  BEAM  PURITY 

The  medical  application  of  the  ion  beam  makes  beam 
impurity  an  important  issue.  Different  ion  species  will 
cause  unwanted  shaping  of  spread  out  bragg  peaks 
resulting  in  different  biological  effects.  All  ion  sources 
usually  deliver  an  ion  spectrum  with  a  mixture  of  charge 
states  and  species.  This  is  especially  a  problem  using  ions 
of  the  same  charge  to  mass  ratio.  At  the  GSI  proposed 
facility[5]  magnetically  selected  C4*  ions  will  be 
accelerated  up  to  the  injection  energy  of  the  synchrotron 
where  they  will  pass  a  stripper  to  remove  the  final  two 
electrons.  By  this  procedure  bare  nuclei  of  nitrogen  or 
oxygen  are  not  accepted  simultaneously  by  the 
synchrotron,  resulting  in  a  very  low  impurity  admixture. 
Of  course  an  EBIS  could  also  be  operated  at  lower 
confinement  time  or  current  density  delivering  now  a 
spectrum  of  ions  peaking  at  C44.  The  lower  relative 
abundance  necessitates  a  higher  loading  of  the  source 
capacity  which  could  be  counteracted  by  a  higher  electron 
current,  which  is  easy  at  lower  current  density.  Another 
possibility  would  be  the  use  of  isotopes  like  C,3+, 
neglecting  the  use  of  PET  for  in-situ  monitoring,  or  the 
implementation  of  ion  cyclotron  resonance[6]  for  ion 
separation  during  breeding  of  higher  charge  states. 
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Abstract 

At  Brookhaven  National  Laboratory  there  is  an  R&D 
program  to  design  an  Electron  Beam  Ion  Source  (EBIS) 
for  use  in  a  compact  ion  injector  to  be  developed  for  the 
relativistic  heavy  ion  collider  (RHIC).  The  BNL  effort  is 
directed  at  developing  an  EBIS  with  intensities  of  3  x  ltf 
particles/pulse  of  ions  such  as  Au35+  and  U45*,  and 
requires  an  electron  beam  on  the  order  of  10 A.  The 
construction  of  a  test  stand  (EBTS)  with  the  full  electron 
beam  power  and  1/3  the  length  of  the  EBIS  for  RHIC  is 
nearing  completion.  Initial  commissioning  of  the  EBTS 
was  made  with  pulsed  electron  beams  of  duration  <  1ms 
and  current  up  to  13  A.  Details  of  the  EBTS 
construction,  results  of  the  pulse  tests,  and  preparations 
for  DC  electron  beam  tests  are  presented. 

1  INTRODUCTION 

The  program  at  the  BNL  has  as  its  objective  the 
development  of  a  heavy  ion  source  of  the  EBIS  type  that 
would  satisfy  present  and  possible  future  requirements  of 
RHIC.  Implementation  of  such  an  EBIS  has  been 
discussed  elsewhere,  [1]  and  a  summary  of  the  pertinent 
parameters  is  given  in  Table  1.  The  experimental 
program  to  be  completed  preceding  the  design  of  the 
RHIC  EBIS  consists  of  4  phases.  The  first  phase  of  this 
program  was  based  on  experiments  at  the  BNL  TestEBIS 
(based  on  the  Sandia  National  Laboratory’s  SuperEBIS), 
while  the  subsequent  phases  utilize  an  electron  beam  test 
stand  (BNL  EBTS)  that  has  been  constructed  to  serve  as 
a  proof-of-principle  device  for  the  final  EBIS  for  RHIC. 
During  phase  1,  an  electron  beam  current  of  1.1  A  pulsed 
and  0.5  A  d.c.  has  been  achieved.  Narrow  charge  state 


Table  1:  Parameters  for  an  EBIS  meeting 
RHIC  requirements 


Parameter 

RHIC  EBIS 

Electron  beam  current 

10  A 

Electron  beam  energy 

20  keV 

Ion  trap  length 

1.5  m 

Trap  capacity  (charges) 

1.1  x  1012 

Yield  positive  charges 

5.25  x  10" 

Yield  Au35+,  design  value 

3  x  109  ions/pulse 

Yield  U45+,  design  value 

2  x  109  ions/pulse 

*Work  performed  under  the  auspicies  of  the  U.S.  Department  of  Energy. 
'  Email:  beebe@bnl.gov 


spectra  of  sodium  (peak  7+),  argon  (peak  14+)  and 
thallium  (peak  41+)  ions  have  been  produced, 
demonstrating  the  ability  to  produce  sufficiently  high 
charge  to  mass  ratio  ions  of  varied  species.  Furthermore, 
the  heavy  ion  spectra  of  Xenon  with  peak  charge  state 
Xe27+  has  been  produced  with  a  d.c.  electron  beam 
current  above  0.4A  and  electron  beam  neutralization 
degree  above  50%.  [2]  Encouraging  results  from  these 
experiments  led  to  the  decision  to  proceed  with  phase  2, 
the  design,  construction,  and  commissioning  of  an 
electron  beam  test  stand  with  parameters  given  in  table 
2. 


Table  2:  Nominal  EBTS  Parameters 


Parameter 

EBTS 

Electron  beam  current 

10  A 

Electron  beam  energy 

20  keV 

e-beam  current  density 

400  A/cm2 

e-beam  pulse  duration 

~  1 00  ms 

ion  trap  length 

0.5  m 

trap  capacity  (charges) 

4x  10" 

This  test  stand  will  be  used  to  develop  technologies  and 
study  the  physics  aspects  of  a  high  intensity  EBIS.  This 
phase  has  been  completed  with  the  propagation  of  a  13 
A,  50  ps  pulsed  electron  beam,  more  than  an  order  of 
magnitude  improvement  over  the  TestEBIS  beams. 
Phase  3  will  continue  with  high  current  electron  beam 
formation  and  launching  studies  for  long  pulses  and  d.c. 
beams.  Assembly  is  nearing  completion  and  tests  will 
begin  this  Spring.  The  fourth  phase  will  concern 
extraction  of  ions,  the  main  goal  being  production  of  1/3 
the  final  RHIC  EBIS  intensity.  Also  of  interest  is  the 
development  of  primary  ion  injection  into  the  trap,  the 
study  of  ion  formation  in  and  loss  from  a  high  current 
electron  beam,  and  the  study  of  fast  ion  extraction.  A 
successful  operation  of  this  device  will  be  followed  by 
the  design  of  the  full  scale  EBIS,  together  with  the  rest 
of  the  injector. 

2  ELECTRON  BEAM  TEST  STAND 

As  seen  from  tables  1  and  2,  the  EBTS  is  a  full  electron 
beam  current  and  power  prototype  of  the  RHIC  EBIS 
with  one  third  the  ion  trap  length.  In  an  EBIS,  high 
charge  state  ions  are  created  by  successive  ionization  by 
electron  impact  and  are  confined  by  the  radial  space 
charge  of  a  high  density  electron  beam.  [3]  The  ion 
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confinement  time  necessary  to  reach  the  charge  state  of 
interest  imposes  the  minimum  electron  beam  pulse 
duration  for  a  given  current  density.  There  is 
considerable  flexibility  in  these  nominal  parameters  and 
increased  performance  in  one  parameter  may  lead  to 
relaxation  of  another.  For  example,  for  a  given  magnetic 
field  configuration,  an  increase  in  electron  beam  current 
may  result  in  an  increase  in  both  electron  beam  current 
density  and  trap  capacity.  This  reduces  both  the  ion 
confinement  time  necessary  to  reach  a  given  charge  state 
(and  hence,  electron  beam  pulse  duration)  and  the  length 
of  the  trap  region.  A  schematic  of  the  electron  beam  test 
stand  is  given  in  figure  1. 


Figure  1 :  Layout  of  the  electron  beam  test  stand 

Due  to  the  low  average  power  associated  with  pulsed 
electron  beams,  we  were  able  to  begin  tests  before  all 
components  necessary  for  the  d.c.  tests  were  available. 
Table  3  gives  nominal  parameters  for  major  EBTS 
components.  In  the  next  section  we  will  describe  the 


Table  3:  EBTS  Components  and  Parameters 


EBTS  Item 

Parameters 

Electron  Gun 

10  A,  50  kV;  8.2mm  LaB6 

Gun  Solenoid 

0.2  Tesla 

Main  Solenoid 

5  Tesla,  1  meter  long 

Collector  Solenoid 

0.05  Tesla 

Electron  Collector 

50  kW 

Transverse  Coils 

15  Gauss 

Vacuum  System 

1  x  10'°  Torr 

configuration  during  the  pulsed  electron  beam  tests,  and 
note  how  the  installation  differs  from  the  final  test  stand. 
Details  of  the  complete  test  stand  design  and  specifics 
concerning  the  electron  gun  and  collector  design  have 
been  given  previously.  [4,5,6] 


2. 1  Pulsed  Electron  Beam  Configuration 

In  order  to  verify  the  basic  EBTS  design,  pulsed  electron 
beams  of  low  average  power  were  used.  This  allowed 
testing  to  begin  before  final  versions  of  all  elements  of 
the  test  stand  were  installed.  A  simplified  drift  tube 
structure  with  two  long  drift  tubes  of  32  mm  inner 
diameter  in  the  trap  region  was  used.  A  pulsed  solenoid 
capable  of  producing  2  kG  fields  was  used  with  the 
electron  gun  rather  than  a  D.C.  entrance  solenoid.  The 
electron  beam  was  collected  on  electrically  isolated 
segments  of  an  electrode  assembly,  figure  2,  which 
allowed  us  to  measure  both  beam  intensity  and  position 
information.  The  electron  collector  exit  solenoid 
necessary  for  confining  the  electron  beam  at  the  source 
exit  was  not  installed.  As  a  result,  some  electron  beam 
was  incident  on  the  exit  aperture  of  the  last  drift  tube. 

Electrode  Schematic  and 

Current  Measurement  Points 


Detail  of 
Collector 
Segments 


Figure  2:  Electrode  and  current  measuring  schematic 
for  pulsed  electron  beam  tests  at  the  BNL  EBTS. 


Electrically,  the  electrode  configuration  is  as  follows: 
The  electron  gun  platform  is  held  at  approximately  -10 
kV  with  respect  to  the  electron  collector  which  is 
nominally  held  at  ground  through  a  single  low 
impedance  current  measuring  device.  This  arrangement 
allows  us  to  measure  sub-milliamp  level  current  losses 
from  the  10  A  electron  beam  circuit  and  also  avoids  the 
expense  of  a  100  kW,  30  kV  isolation  transformer.  Drift 
tube  supplies  were  referenced  directly  to  laboratory 
ground  and  were  stabilized  during  these  tests  by 
capacitors  ~20nf  and  facilitated  measurement  electron 
beam  current  losses  on  the  drift  tubes  during  the  pulse. 

The  use  of  transverse  coils  has  been  important  in  our 
program  and  was  first  implemented  on  the  TestEBIS[2], 
resulting  in  a  doubling  of  electron  beam  current.  The 
coils  are  especially  easy  to  install  in  the  case  where  iron 
shielding  is  not  used  to  shape  the  magnetic  field  since 
the  coils  can  reside  outside  the  vacuum  chamber.  We  use 
transverse  fields  of  up  to  15  Gauss  to  empirically  adjust 
the  magnetic  field;  thereby  reducing  unintentional 
asymmetries  and  introducing  asymmetry  at  the  collector 
where  it  is  useful  to  reduce  backstreaming  electrons. 
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2.2  Experimental  Results 

Figure  3  shows  some  of  the  earliest  results  using  a  Trek 
30  kV,  10mA  anode  supply  at  9  kV  to  launch  a  1.2  A 
electron  beam.  Note  the  200  ps  slew  time  of  the  rising 
and  falling  edges.  The  transverse  coils  were  adjusted  to 


Time  (0.2  ms/div)  1.0  ms/div 

Figure  3:  Electron  beam  current  intercepted  by 
various  segments  of  the  collector  assembly  shown 
in  fig.  2:  Sum  current  on  5  segments  (upper  left 
trace),  central  segment  current  (lower  left  trace), 
and  4  outer  segment  currents  (right  traces). 

provide  a  rather  asymmetric  current  distribution  on  the 
collector  segments,  thereby  minimizing  backstreaming 
current  on  the  first  drift  tube.  First  drift  tube  losses  were 
30mA,  giving  a  transmission  factor  of  97.5%.  (A  170 
mA  current  incident  on  the  last  drift  tube  is  included  in 
the  total  collector  current).  The  Trek  anode  supply  was 
used  at  30  kV  to  propagate  7  A  electron  beams.  In  this 
case  the  slew  times  to  and  from  flat  top  were  -600  ps, 
causing  considerable  loading  on  the  electrodes  and 
giving  pressures  -lxlO7  mBar  at  a  0.5  Hz  repetition  rate 
A  fast  anode  supply,  developed  in  our  laboratory  and 
based  on  Belke  65  kV  solid  state  switching  modules  was 
used  during  the  remainder  of  the  tests.  Figure  4  shows  a 
13 A,  50  ps  electron  beam  pulse  that  was  obtained  with  a 
45  kV  anode  pulse  and  a  5  Tesla  main  field.  The 
potential  difference  between  the  cathode  and  trap  region 
electrodes  was  36  kV  and  the  entrance  field  was  2.4  kG. 
For  a  trap  region  comprised  of  four  15  cm  long  drift 
tubes,  this  gives  an  electron  beam  current  density  of 
-750  A/cm2  and  a  trap  capacity  of  4.3  x  10"  charges, 
surpassing  the  objectives  given  in  table  2.  The  fast 
anode  supply  has  lowered  transient  times  to  10  us, 
thereby  reducing  beam  loading.  During  these  tests  a  gun 
region  pressure  of  -4  xl0s  mBar  was  maintained  at  a 
pulse  repetition  rate  of  2  Hz.  A  transmission  efficiency 
of  greater  than  99.5%  was  achieved  and  it  is  expected 
that  introduction  of  the  50  kW  electron  collector  will 
further  reduce  the  losses. 


Time  ( 20  us/div ) 

Figure  4:  1 3A,  50  ps  electron  beam  pulse  at  the  EBTS 

3  SUMMARY 

The  Electron  Beam  Test  Stand  has  been  operated 
successfully  with  pulsed  electron  beams.  A  13 A,  50  ps 
electron  beam  was  transmitted.  This  is  more  than  a 
factor  of  10  increase  over  electron  beams  produced  on 
the  TestEBIS  used  previously.  Electron  beam  current 
density,  total  current,  and  trap  capacity  requirements 
were  exceeded.  Final  assembly  is  underway  for  long 
pulses  and  DC  electron  beam  operation.  Continuous  and 
high  duty  factor  electron  beams  will  be  tested  with 
current  up  to  10A  and  pulse  duration  at  least  100  ms. 
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Abstract 

Recently  the  detailed  design  and  the  construction 
problems  of  a  Trapped  Ion  Source  (TIS)  have  been 
presented  in  ref. [1,2].  In  practice,  TIS  can  be  seen  as  a 
modified  version  of  an  Electron  Beam  Ion  Trap  (EBIT)  or 
of  an  Electron  Beam  Ion  Source  (EBIS).  The  main  new 
feature  of  TIS,  with  respect  to  an  EBIS  (or  EBIT),  is  the 
transverse  ion  confinement  given  by  a  quadrupole  field 
instead  of  the  electron  beam  space  charge.  One  can 
foresee  that  TIS  could  overcome  some  drawbacks  of  the 
EBIT  and  EBIS  making  it  a  more  flexible  device.  In  this 
paper  a  detailed  discussion  on  the  radio  frequency 
containment  of  high  charge  state  ions  with  the  first  rf 
containment  test  will  be  presented. 

1  INTRODUCTION 


TIS  is  a  new  type  of  source  capable,  in  principle,  of 
producing  very  highly  charged  ions  and,  at  the  same  time, 
it  is  a  radio  frequency  (rf)  quadrupole  linear  trap  suitable 
to  study  the  interaction  of  the  trapped  ions  (or  charged 
microparticles)  with  electrons,  high  energy  particles  or 
laser  beams.  In  practice,  it  is  a  modified  version  of  an 
Electron  Beam  Ion  Source  (EBIS).  TIS,  in  fact,  is  an 
EBIS  where  an  rf  quadrupole  field  has  been  added  to 
contain  transversally  the  ion  produced  by  the  electron 
beam. 

Recently  some  proposals  to  use  EBIS  type  sources  as 
charge  state  breeder  for  radioactive  ion  beams  extracted 
as  singly  charged  ions  with  the  isotope  separator  on-line 
(ISOL)  technique  have  been  suggested  [3].  In  fact,  for 
efficient  acceleration  by  compact  linear  accelerators,  ions 
with  typical  mass  ratios  of  1/9  are  required.  However, 
after  the  high  charge  state  ions  have  been  produced,  a 
mass  separator  is  required  before  the  ion  beam 
acceleration.  In  this  case,  the  use  of  TIS  instead  of  an 
EBIS,  could  allow  to  accelerate  radioactive  ion  beams 
directly  at  the  exit  of  the  TIS  source.  In  fact,  having  TIS  a 
selective  ion  containment  given  by  the  rf  quadrupoles,  it 
is,  at  the  same  time,  an  ion  source  and  an  ion  mass 
separator. 

Among  the  goal  of  TIS,  other  than  the  production  of 
highly  charged  particles,  it  can  be  foreseen  ion  cooling 
studies,  analysis  of  macromolecules  and,  also,  "dust 
targets"  for  high  energy  accelerators.  The  status  report  of 
the  project  with  a  detailed  discussion  on  the  rf  ion 
containment  system  will  mainly  be  presented. 


2  TIS  DESIGN 


TIS  design  has  already  presented  in  ref.  [1,2],  but  here, 
for  clarity  sake,  its  main  features  will  be  recalled.  In  fig.l 
a  cutaway  drawing  of  the  ion  source  mechanical  design 
and  its  operation  scheme  is  shown.  From  the  fig. lb)  it  can 
be  seen  the  electron  gun  that  generates  the  electron  beam 
needed  to  ionize  the  atoms.  Since  an  electron  gun 
designed  and  built  for  another  experiment  is  intended  to 
use  for  TIS  experiment  a  couple  of  iris  are  been  used  to 
match  the  electron  beam  emittance  to  the  acceptance  of 
the  TIS  transport  channel. 

The  transport  channel  that  drives  the  electron  beam  until 
to  the  collector  is  made  of  two  90  degree  bending 
magnets  (BM)  and  several  quadrupole  doublets  of  new 
design  as  shown  in  more  details  in  ref.  [2],  The  main  new 
feature  of  TIS,  with  respect  to  an  EBIT  (or  EBIS),  is  the 
adding  of  radial  ion  confinement  of  the  rf  quadrupoles  to 
the  potential  well  of  the  eb  space  charge  when  it  is  on. 
When  the  eb  is  off  (the  eb  will  be  pulsed)  only  the  desired 
ions  will  remain  trapped. 

In  the  longitudinal  direction  the  containment  is 
obtained  by  two  repelling  electrodes  placed  at  the  edges 
of  the  quadrupole  electrodes.  These  electrodes  can  be 
pulsed  to  pull-out  the  trapped  ions  for  external  use  (e.g. 
acceleration). 


Fig. la)  cutaway  view  of  the  TIS  mechanical  design;  lb) 
Operation  scheme  of  TIS:  1)  electron  gun,  2)  bending 
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magnet,  3)  vacuum  pump,  4)  static  potential  electrodes 
Uo  for  longitudinal  ion  trapping,  5)  rf  quadrupole 
electrodes  with  inside  the  focusing  magnetic  quadrupoles, 
6)  electron  collector,  7)  gas-inlet,  8)  ion  collector. 

In  its  normal  operation,  the  electron  beam  pulse  is 
injected  transversally  (see  fig  lb)  in  the  trap  and  then 
bent  in  the  axial  direction.  Transversally  too,  in  the  center 
of  the  trap,  vapor  or  powder  can  be  injected,  by  a  valve 
gas  jet,  that  it  is  ionized  and  confined  by  the  rf 
quadrupole  field. 

3  RADIO  FREQUENCY 
CONTAINEMENT 

The  TIS  eb  transport  line  has  been  described  in  detail 
in  ref  [2],  In  this  paper  we  will  present  the  rf  system 
utilized  to  contain,  transversally,  the  wanted  ions  with 
different  charge  states  produced  by  the  electron  beam. 

In  a  EBIS,  the  ion  containment  in  the  transverse  planes 
is  obtained  by  the  potential  well  due  to  the  space  charge 
of  the  ionizing  electron  beam  and  longitudinally  from  the 
potential  set  by  the  electrodes  placed  on  the  edges  of  the 
ionization  region.  In  these  conditions  the  residual  gas  ions 
being  in  the  vacuum  chamber  can  be  trapped  together  the 
wanted  ions.  For  this  reason  EBIS  sources  require  very 
high  vacuum  (about  10'"  Torr)  and  at  the  same  time  very 
dense  energetic  electron  beams  [3],  Furthermore  the  cold 
electrons  coming  from  the  ionization  can  be  trapped  by 
the  ion  space  charge  increasing,  in  this  way,  the 
probability  of  the  recombination  process.  In  TIS,  to  avoid 
those  drawbacks,  the  adding  of  the  rf  quadrupole  field  is 
provided  by  4  cylindrical  shaped  electrodes,  see  fig.l). 
Although,  infinite  hyperbolically  shaped  electrodes  are 
needed  for  a  pure  quadrupole  field,  an  appropriate  chose 
of  the  ratio  between  the  electrode  cylinder  radius  and 
their  distance  from  the  symmetry  axis  can  be  chosen  for  a 
very  good  optimization  of  the  quadrupole  field.  In  ref.  [1] 
we  have  found  a  very  good  optimization  for  a  cylinder 
radius  of  2.2  cm  and  a  distance  from  the  symmetry  axis 
of  2  cm.  In  fact  these  parameters  give  a  quadrupole 
Fourier  coefficient,  normalized  to  the  sextupole 
coefficient  which  is  the  higher  among  the  other  multipole 
coefficients  of  2.7x1 04. 

The  equations  of  motion,  at  the  presence  of  the 
potential  given  by  these  electrodes,  in  the  transverse 
planes,  can  be  written  in  Mathieu’s  equation  form: 

^-  +  {a-2qcos20)X  =0 

dO 

t  8  eU 

a=± - 2  2 

mr^co 

4eV 


and  where:  X— »x,y;  0— H0t/2,  and  the  upper  and  lower 
signs  correspond  to  differential  equations  in  x  and  y, 
respectively.  The  applied  voltage  has  a  dc  component  U 
plus  an  rf  voltage  V  with  the  driving  frequency  co. 

The  Mathieu  equation  solution  can  be  stable  or 
unstable.  Whether  stability  exists  depends  only  on  the 
parameters  a  and  q  and  not  on  the  initial  parameters  of 


a 

Fig.2  The  a-q  stability  diagram.  The  positions  of 
various  operating  lines  U/V -Const,  are  also  indicated. 

the  ion  motion.  In  fig.2  is  shown  the  region  of 
simultaneus  stability  in  both  the  transverse  planes  x  and 
y.  It  can  be  noticed  that  a  given  set  of  applied  voltages  U 
and  V  uniquely  determines  the  relative  values  of  a  and  q 
in  the  stability  diagram.  If  we  Define  u=l  Ul/lvl  =a/2q  a 
typical  straight  line  a=2qu  can  be  drawn  as  shown  in 
fig.2.  The  portion  of  this  line  passing  through  the  stable 
region  of  the  diagram  determines  the  range  of  ionic  e/m 
values  which  will  have  stable  trajectories  through  the 
quadrupole  field.  As  the  U/V  ratio  is  increased,  the 
intersected  stability  region  becomes  narrower  and 
narrower,  so  that  the  device  becomes  more  highly  mass 
selective,  but  at  the  same  time  the  x  and  y  acceptances  of 
the  trap  become  smaller.  Furthermore,  it  must  be  noticed 
that,  for  a  chosen  U/V  ratio,  the  ions  with  stable  e/m 
values  can  be  scanned  by  varying  the  magnitude  of  both 
U  and  V  simultaneously  or  by  varying  the  applied 
frequency  to. 

The  operating  point  in  the  stability  diagram  a-q  can  be 
chosen  in  such  a  way  to  satisfy  the  required  charge  state 
on  the  output  ion.  In  some  cases  it  could  not  be  necessary 
the  e/m  scanning  as  mentioned  before.  As  an  example  we 
consider  the  case  of  using  TIS  to  produce  Af4,  which  is 
the  element  we  are  using  in  our  first  tests.  If  we  choose  a 
line  (see  fig.2)with  a  low  U/V  ratio,  renouncing  to  a  large 
e/m  resolving  power,  will  have  a  large  range  of  stability  . 
Let  us  choose  as  lower  q  (the  q  value  given  by  the 
interception  of  the  line  a=2qu  with  the  left  part  of 
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stability  triangle)  the  value  0.2,  from  the  definition  of  q 
and  using  V=1  kV  we  obtain  the  rf  frequency  v=1.7 
MHz.  The  corresponding  a  value  is  (see  fig.2)  0.02  then 
u=a/2q=0.05.  Following  the  operation  line  a=2qu,  the 
higher  q  value  0.82  is  intercepted  on  the  stability  diagram 
and  at  this  point  an  A/Z=10  (At*4)  will  also  have  a  stable 
trajectory  in  TIS.  In  conclusion,  with  the  choice  of  the 
above  parameters  we  have  stable  trajectories  from  Ar*'  to 
Ar*4.  In  these  conditions  of  low  resolving  power,  we 
expect  that  other  elements  with  e/m  inside  the  stability 
diagram  could  be  trapped  with  wanted  ions.  The  other 
elements  present  with  Ar  in  the  vacuum  tank  are,  in 
general,  the  component  of  the  residual  gas.  The  tank 
residual  gas  has  been  analyzed  and  was  mainly  composed 
by  N2  (A=28),  water  (A=18),  O  (A=16),  N  (A=14),  H2 
(A=2).  By  using  the  above  parameters  (v=1.7  MHz,  V=1 
kV,  U=50  V)  we  have  found  that  also  the  e/m  of  N2*‘, 
N*1,  H20+1  and  hT1  are  in  the  stable  region  while  the  other 
e/m  values  lead  to  unstable  trajectories. 

The  preliminary  rf  test  done  on  TIS  have  had  the  aim 
to  check  the  ion  containment  capability  and  the 
quadrupole  symmetry  of  the  potential  well.  In  fig.3  is 
shown  the  residual  gas  plasma  containment  of  the  rf 
cylindrical  shaped  electrodes.  The  parameters  used  has 
been:  v=2.5  MHz,  V=0.6  kV  and  U=50  V  giving  stability 
for  ions  with  A>2. 

From  fig.3,  it  can  be  seen  a  slight  deformation  of  the 
quadrupole  symmetry  caused  by  a  defect  in  feeding  the  rf 
electrodes.  In  fact,  we  did  not  have  the  exact  same 
voltage,  in  opposition  of  phase,  on  the  adjacent 
electrodes.  We  are  correcting  this  defect  with  a  better 
matching  circuit  having  a  more  balanced  transformer. 


Fig.3  Plasma  containment  of  the  rf  quadrupole  electrodes 
as  seen  by  a  CCD  camera  placed  at  the  end  of  the 
quadrupole  axis.  The  intensity  (ion  density)  levels  are 
shown  in  the  lower  left  comer. 


3  STATUS  OF  THE  PROJECT  AND 
CONCLUSION 

The  mechanical  design  and  the  computer  simulations 
of  the  device  has  been  concluded.  The  electron  gun  test 
has  been  carried  out  at  low  voltage  and,  by  measuring  the 
electron  current  with  a  Faraday  cup,  a  perveance  of  about 
0.2  {iP  has  been  found.. 

The  construction  and  the  test  of  all  the  quadrupole 
doublets  needed  for  the  eb  focusing  have  been  done.  The 
90°  bending  magnets  are  also  been  constructed  and 
tested. 

Steering  coils  with  Beam  Position  Monitor  (BPM)  has 
been  placed  behind  the  first  and  at  the  entrance  of  the 
second  bending  magnet.  The  system  to  excite  the 
quadrupole  doublet  coils  inside  the  rf  cylindrical 
electrodes  (as  shown  in  ref.2)  are  also  been  tested.  The 
vacuum  chamber  has  also  been  tested  and  the  cylinder 
shaped  electrodes  for  the  rf  quadrupole  field  are  also  been 
tested. 

In  conclusion,  we  need  only  of  the  voltage  pulser  to 
drive  the  electron  gun  that  will  be  available  in  the  next 
month.  After  that  we  will  be  ready  for  the  test  of  the 
electron  beam  transport  from  the  gun  to  the  collector  and 
then  for  the  ion  productions  and  their  trapping. 
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Abstract 

In  order  for  volume  sources  to  deliver  the  current  (e.g., 
0.8  A  of  Ar+  per  module)  and  brightness  necessary  for 
heavy  ion  fusion  (HIF),  they  must  operate  at  high  current 
density.  Conventional  extractor  designs  for  1  to  2  MeV 
run  into  voltage  breakdown  limitations  and  cannot  easily 
produce  the  required  current  rise  time  (about  one  microsec¬ 
ond).  We  discuss  two  systems  that  can  overcome  these 
volume-extraction  problems.  Each  uses  multichannel 
preaccelerators  followed  by  a  single  channel  main  accelera¬ 
tor.  Fast  beam  switching  is  done  in  the  low  energy  beam- 
let  stages.  A  new  design,  utilizing  concentric  ring  preac¬ 
celerators,  was  recently  described  for  another  application 
[2].  A  more  conventional  design  uses  a  large  number  of 
small  round  beamlets.  In  either  case,  the  merging  beam- 
lets  are  angled  toward  the  axis,  a  feature  that  dominates 
other  focusing.  By  suitable  adjustment  of  the  individual 
angles,  beam  aberrations  are  reduced.  Because  of  the  high 
current  density,  the  overall  structure  is  compact.  Emit- 
tance  growth  from  merging  of  beamlets  is  calculated  and 
scaling  is  discussed. 

I  INTRODUCTION 

For  extraction  of  large  currents  with  low  emittance  for 
Heavy  Ion  Fusion  (HIF),  we  consider  an  arrangement 
originally  proposed  for  a  laser  ion  source  extractor  of  very 
high  perveance  [2].  As  shown  in  Figs.  1  and  2,  the  beam- 
lets  from  a  system  of  concentric  preaccelerators  are  angled 
toward  the  axis.  The  inward  momentum  produces  a  pow¬ 
erful  focusing  effect,  allowing  the  main  MeV  accelerator 
column  (Fig.  1)  to  operate  at  low  gradient.  The  angling 
at  various  radii  can  be  adjusted  to  compensate  for  the  aber¬ 
rations  typically  present  in  high  perveance  extractors. 


The  present  paper  studies  extraction 
of  HIF  beams  from  conventional  gas 
sources.  The  0.75  A  beams  of  Ar+  are 
to  be  injected  at  -1.5  MeV  into  an 
array  of  ESQ  channels  spaced  about  7 
cm  in  both  directions.  The  proposed 
system  is  compact  and  should  fit 
within  these  dimensions. 

As  an  alternative,  we  also  consider 

Fig.  2.  Detail  of  an  0]<Jer  arrangement  [3]  using  pencil 
preaccelerators.  beams  Fjgures  3a  and  3b 

compare 

axial  views  (before  merging)  for  the  old 
and  new  designs.  In  Fig.  3(a)  the  beamlets  are  arranged  in 
idealized  circular  arrays  to  facilitate  the  calculations  that 
follow. 

Section  2  calculates  free  field  energy  and  asymptotic 
emittance  for  both  cases;  it  also  compares  transparency 
and  brightness.  Aberration  control  and  general  design 
considerations  are  discussed  in  section  3. 
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Fig.  3.  Axial  view  of  beamlets  emerging  from 
(a)  beaded  ring  and  (b)  solid  ring  preaccelerators. 
Occupancy  t|  =  50%,  number  of  rings  M  =  4. 


2  EMITTANCE  FROM  MERGING 


T7 .  □  □ 


Jk . '  o  □ 


Fig.  1.  Sketch  of  axial  and  cross-section  views  of  preacceler¬ 
ator  grids  and  two-gap  main  extractor  grids.  In  practice,  more 
stages  would  be  used  in  both  sections. 


With  X  and  Vx  the  rms  values  of  position  and  velocity, 
we  define  the  nonrelativistic  normalized  rms  emittance 
Sx2=  16p2x2(vx2-x'2);  Ex=  4(3XVx  for  a  matched 
beam.  Under  standard  conditions  [4],  the  asymptotic  emit¬ 
tance  6  f  is  then  given  by  e  2  €  2  +  £  2  with 

PX,(2QU„)1,2;  (1) 

exi  and  X;  are  initial  quantities.  The  emittance  due  to 
merging  Sxmthus  adds  in  quadrature  to  the  initial  emit¬ 
tance  exi  =  4(3XjVxi.  Q  is  the  normalized  perveance  and 
Un  is  the  initial  normalized  free  field  energy  (beam  shape 
factor)  discussed  in  reference  [4]. 
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2.1  Round  Arrays  of  Round  Beamlets 

In  the  type  of  array  shown  in  Fig.  3(a),  the  total  number 
N  of  pencil  beamlets  is  N  =  3M2  +  3M  + 1 ,  where  M  is  the 
number  of  beaded  rings.  When  N  is  large  [4], 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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The  superscript  P  indicates  pencil  beamlets.  The  occu¬ 
pancy  T|  <  1  is  defined  as  the  pencil  beam  diameter  divided 
by  the  radial  spacing.  Some  values  of  f(t|)  are 


T| 

0.9 

0.7 

0.5 

0.3 

0.1 

0.24 

0.77 

1.75 

3.56 

7.83 

The  approximation  for  Un  is  accurate  to  about  1%  for  3  or 
more  rings  with  t|  =  0.5  but  becomes  less  accurate  as 
T|  — >  1.  For  t|  =*  1,  unless  N  is  very  large,  it  is  better  to 
use  the  tables  or  graphs  in  Ref.  [4], 

Exact  values  of  Un  as  a  function  of  the  number  of  rings 
M  are  given  for  r)  =  0.5  in  Table  1 .  These  values  are 
represented  with  1%  accuracy  by 


UnP(Tl  =  0.5) 


0.59 

M2(l+  1.2/M) 


over  the  practical  range  3  <  M  <  12. 


2.2  Arrays  Of  Concentric  Tubular  Beamlets 

We  only  have  room  here  to  discuss  the  case  of  parallel 
propagation  where  the  self  field  Es  is  radial.  For  tubular 
beamlets,  we  use  Gauss's  law  to  relate  Es  to  Aj.(r),  the  line 
charge  within  radius  r,  and  integrate  Es2.  The  normalized 
free  field  energy  Un  within  outer  radius  a  is 

Uj  =  4  jo\2(r)/A2rdr-  1  +  4  In  (2  X,/a). 

For  the  geometry  of  Fig.  3(b),  the  integrals  are  simplified 
by  assuming  a  constant  density  within  all  tubes.  (Note: 
the  diameter  of  the  central  beamlet  equals  the  thickness  of 
the  tubes.)  We  consider  three  values  for  the  occupancy  11: 
1/2,  2/3,  and  1  with  the  results  shown  in  the  table. 


Nr.  of  concentric  tubular  beams  or  circular  arrays 


Fig.  4.  Normalized  free  field  energy  Ij,  for  the  two 
configurations  of  Fig.  2. 


2.3  RMS  Beam  Size 


The  maximum  radius  amat  is  defined  as  the  largest  radius 
in  Fig.  3  (a)  or  (b).  The  rms  size  X;  as  a  function  of  amax , 
occupancy  r|,  and  number  of  rings  M  is  easily  calculated 
for  beaded  rings;  see  Ref.  [4].  For  solid  rings,  we  have 
evaluatedXj  for  the  cases  T|  =  1/2  (5a)  and  T|  =  2/3  (5b): 


_3_  2 

m2  m2(m2+2m-l) 


m  =  4M+1 


(5a) 


I  _  L5  3 

+  |i  p2  +  p2(p2+  p-0.5)  ’ 


p  =  3M+l.  (5b) 


For  the  case  M  =  4  illustrated  in  Fig.  3,  the  values  are 
Xjo1=i/2)  =  O.Sa,^  (1+0.05)  and  Xj(n=2/3)  = 

0.5amax  (1+0.03).  Of  course,  Xi(n=l)  =  0.5amax ,  the 
usual  value  for  a  uniform  beam.  The  corrections  are  just  a 
few  percent  and  may  be  neglected  for  purposes  of  estima¬ 
tion.  For  beaded  rings,  as  well,  it  usually  suffices  to 
write  X;  =  0.5amov  . 

i  max 


Table  1 :  Free  field  energy  comparison 


Beaded 

Sings 

M 

Un 

Un 

eta=l 

eta=l/2 

1 

0.0116 

0.2070 

2 

0.0064 

0.0882 

3 

0.0034 

0.0466 

4 

0.0020 

0.0285 

5 

0.0013 

0.0192 

6 

0.0009 

0.0138 

8 

0.0005 

0.0081 

10 

0.0003 

0.0053 

12 

0.0002 

0.0037 

Solid  Rings 

Un 

Un 

Un 

eta=l 

eta=2/3 

eta=l/2 

0.0 

0.0627 

0.0897 

0.0 

0.0156 

0.0289 

0.0 

0.0070 

0.0142 

0.0 

0.0040 

0.0085 

0.0 

0.0026 

0.0056 

0.0 

0.0018 

0.0040 

0.0 

0.0011 

0.0023 

0.0 

0.0007 

0.0015 

0.0 

0.0005 

0.0011 

2.4  Merge  Emittance 


Equation  (1)  with  (3)  and  (4)  gives  approximately 

o  1/2 

c  P  _  fmax  J3_  r  0.59Q  1 

xm(q  =  0.5)  M  V2  L  i+e  J 


exm(q  =  0.5) 


amax  ft  r0.166( 

M  V2  L  l+8„ 


(6a) 

(6b) 


with  correction  terms  ep  =  1.2/M  and  e  =  0.9/M.  For 
constant  current  I,  Q  -  I  /  ft3  and  S  m  -  ft'1  2  ~  V' 1/4  Omit¬ 
ting  ep,  eT  and  the  corrections  to  X;  in  Eq.  (5)  gives  the 
rough  scaling  for  large  M  (SI  units,  S  in  Jt-m-rad): 


For  T|  =  0.5,  the  ratio  Unp/UnT  tends  toward  3.5,  which 
implies  the  emittance  for  pencil  beams  is  larger  by  a  fac¬ 
tor  -1.87.  Some  of  the  values  from  the  table  for  q  =  0.5 
are  plotted  in  Fig.  4.  The  useful  approximation 

ttT  _  0.166  ... 

n  On  =  0.5)  -  m2(1  + 0.9/M)  ( 

is  accurate  to  1%  for  2  <  M  <  40. 


c z  P 

xm  (t]  =  0.5) 
Gxm(r|  =  0.5) 


yl/4  a  t  1/2 
_  ^  Z. _  max  _ 

AI/4  M  V1/4 
,,1/4  a  ,1/2 

3  A1/4  M  V1/4 


with  Z  and  A  the  ion  charge  and  mass  numbers.  The 
constant  C  =  0.02  with  q=0.5.  For  other  occupancies, 
€x  mp  can  be  adjusted  using  Eq.  (2),  the  table  below  it,  or 
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Fig.  5.  Beam  simulation  to  check  emittance  growth  from 
free  field  energy  in  merging  beams. 

the  information  in  Ref.  [4].  For  SX[J,  one  can  use  Table  1 
which,  incidentally,  indicates  that  the  ratio  6xnf/€Xirf 
becomes  even  larger  than  3.5  as  r)  increases. 

2.5  Checking  Against  Particle  Codes 

Using  WARPxy,  the  normalized  emittance  growth  term 
6  ^  for  the  merging  pencil  beam  case  was  simulated  for 
uniform  transport  using  parameters  representative  of  injec¬ 
tion  into  an  HIF  ESQ  channel  [5],  The  result,  0.4  Jt-mm- 
mr,  agreed  well  with  the  prediction  of  Eq.  (6a).  A  typical 
initial  thermal  emittance  €xi  of  0.3  n-mm-mr  would  then 
give  a  combined  value  Gxf  of  0.5  Jt-mm-mr. 

Using  a  different  code  [6],  tubular  beams  were  simulated 
as  shown  in  Fig.  5.  This  case,  somewhat  different  from 
that  analyzed  above,  studied  radial  compression  in  drifting 
beams;  €xnf  was  predicted  by  (6b)  to  be  roughly  0.6  Jt- 
mm-mr.  Fig.  6  shows  the  exit  emittance  diagram  at  the 
waist.  The  value  0.41  for  emittance  is  reasonable  since 
the  beamlets  are  not  yet  completely  merged  at  this  point. 

2.6  Other  Differences 

Pencil  beams  and  tubular  beams  differ  in  other  ways  than 
emittance  growth.  The  extraction  hardware  may  be  easier 
to  fabricate  in  the  first  case.  But  a  tubular  beam  design 
has  the  advantage  that  the  essentially  1-D  radial  geometry 
precludes  non-linear  field  distortion  from  neighboring 

0.05 


r 

(rad) 

0.00 


-0.05 

0.00  0.01  0.02 
r  (meters) 

Fig.  6.  Emittance  phase  plot  at  exit  of  Fig.  5. 


beamlets  that  may  occur  with  pencil  beams  before  merg¬ 
ing  begins.  Also,  for  a  given  occupancy  T| ,  the  transpar¬ 
ency  for  tubular  beams  is  higher  by  the  factor  4/7rq,  in¬ 
creasing  the  brightness  for  cases  of  fixed  current  density. 

3  EXTRACTOR  SYSTEMS 

In  some  high  perveance  designs  for  HIF,  the  high-voltage 
portion  may  produce  beam  aberrations.  In  the  two-stage 
system  of  Figs.  1  and  2  the  preaccelerator  beamlets  can  be 
steered  to  reduce  these  aberrations.  Figure  7  shows  phase 
plots  at  the  exit  for  a  laser  plasma  extractor  design  with 
40AofXe+8.  The  main  extractor  gap  was  smaller  than 
the  diameter  of  the  preaccelerator  array,  producing  the 
overfocusing  of  outer  beamlets  seen  on  the  left  side  of 
Fig.  7.  Beam  steering  removed  most  of  the  aberrations. 

0.05 

r’ 

0.00 


-0.05 

Fig.  7.  Aberration  control  by  pre-steering  of  beamlets: 
uncorrected  (left),  corrected  (right). 

The  preaccelerators  and  the  main  accelerator  channel  for 
extraction  from  a  conventional  Ar+  source  have  been  stud¬ 
ied  separately.  Using  the  above  analysis,  we  find  that  the 
number  of  rings  M  required  to  produce  an  acceptable  emit¬ 
tance  is  not  so  large  that  the  individual  units  become 
impracticably  small.  The  ring-to-ring  spacing  will  be 
typically  -0.7  cm  so  that  construction  should  not  be  diffi¬ 
cult.  The  electric  field  for  the  preaccelerator  cases  studied 
is  well  under  100  kV/cm. 

The  length  of  the  main  column  is  controlled  by  the 
curvature  of  the  preaccelerator  exit  array  seen  in  Fig.  1 . 
Preliminary  simulations  show  that  it  should  be  possible 
to  accelerate  the  beam  to  1.5  MeV  and  compress  it  to  the 
required  diameter  while  maintaining  an  acceptable  field 
gradient.  Further  studies  are  in  progress. 
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Abstract 

The  ion  source  for  the  1  MW  Spallation  Neutron  Source 
(SNS)  is  required  to  provide  35  mA  of  H'  beam  current  at 
6%  duty  factor  (1  ms  pulses  at  60  Hz)  with  a  normalized 
rms  emittance  less  than  0.15  %  mm  mrad.  The  H'  beam 
will  be  accelerated  to  65  keV  and  matched  into  a  2.5  MeV 
RFQ.  The  ion  source  is  expected  to  ultimately  produce  70 
mA  of  FT  at  6%  duty  factor  when  the  SNS  is  upgraded  to  2 
MW  of  power.  For  this  application,  a  radio-frequency 
driven,  magnetically  filtered  multicusp  source  is  being 
developed  at  Berkeley  Lab.  The  design  of  this  new  ion 
source  is  directed  towards  operation  at  the  required  high 
duty  factor.  Experimental  results  of  the  ion  source 
operated  in  pure  volume  production  mode  (without 
cesium)  and  in  hybrid  mode  (with  cesium  released  into  the 
source)  are  compared.  An  improved  cesium  dispensing 
system  will  be  presented. 


1  ION  SOURCE  DESIGN 

A  schematic  of  the  SNS  R&D  #1  H'  ion  source  [1]  is 
shown  in  figure  1.  The  ion  source  is  mounted  inside  a 
reentrant  cylinder  to  move  the  ion  source  into  the  vacuum 
vessel.  This  enhances  the  vacuum  pumping  of  the 
extraction  gap.  The  source  plasma  chamber  (10-cm-long 
by  10-cm-diam.)  is  made  out  of  a  copper  cylinder  with  a 
back  plate  at  one  end  and  an  outlet  electrode  at  the  other 
end.  The  plasma  is  confined  by  the  longitudinal  line-cusp 
fields  produced  by  20  rows  of  water-cooled,  samarium- 
cobalt  magnets  that  surround  the  source  chamber  and 
transverse  magnets  on  the  back  flange. 

The  hydrogen  plasma  is  produced  inductively  by  up  to 
65  kW  of  pulsed  2  MHz  RF  power.  RF  coupling  is 
accomplished  via  a  2  1/2-turn,  porcelain-coated  (water- 
cooled  copper  tubing)  antenna  connected  to  a  matching 
network  that  matches  the  impedances  of  RF  amplifier  and 
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Figure  1:  Schematic  view  of  SNS  R&D  #1  H'  ion  source. 
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plasma.  To  minimize  RF  noise  interference,  the  amplifier 
and  matching-unit  are  installed  on  the  ion  source  high 
voltage  (65  kV)  platform,  and  are  completely  enclosed  by 
a  copper-plated  steel  shielding  box. 

Electrons  supplied  by  a  hairpin  tungsten  filament 
installed  at  the  source  back-flange  assist  starting  of  the  ion 
source  pulses.  For  cleaner  discharge  conditions,  the 
filament  can  be  replaced  by  an  UV  flash  lamp  or  an 
inexpensive  UV  laser  light  system  to  produce  primary 
photoelectrons. 

A  pair  of  water-cooled  permanent  magnet  filter  rods 
placed  near  the  outlet  electrode  creates  a  narrow  region  of 
transverse  magnetic  field  (200  G)  that  divides  the  source 
chamber  into  the  ("hot-plasma")  discharge  region  and  the 
("cold-plasma")  H  extraction  region.  The  purpose  of  the 
hot  plasma  region  is  to  produce  excited  H2°(v”)  molecules, 
which  can  diffuse  freely  through  the  magnetic  filter  field. 
Hot  electrons,  which  could  easily  destroy  H'  ions,  are 
deflected  by  the  magnetic  filter  field.  Therefore,  they 
cannot  reach  the  extraction  area. 

Cold  electrons  are  trapped,  diffuse  through  the  filter 
field,  and  produce  H  ions  in  the  outlet  region  by 
dissociative  attachment  to  the  excited  H2°(v”)  molecules. 
The  removal  of  hot  electrons  is  enhanced  by  installing  a 
collar  in  front  of  the  extraction  hole.  The  deflected 
electrons  are  captured  in  this  area.  The  optimum 
dimensions  of  the  collar  have  been  determined 
experimentally  (15-mm-diam.,  15-mm-long)  for  the  200  G 
filter  field. 

The  RF-driven  source  is  operated  at  a  continuous 
hydrogen  gas  flow  of  20-30  seem.  Beam  is  extracted  at 
35-65  kV  across  a  single  extraction  gap  and  collected  in  a 
water-cooled  double  Faraday  cup,  which  allows  one  to 
independently  measure  the  H  current  and  electron  content 
in  the  beam.  The  Faraday  cup  has  been  calibrated  by  using 
helium  as  the  discharge  gas.  Since  He  ions  are  extremely 
difficult  to  form,  no  current  should  be  measured  in  the  H' 
Faraday  cup.  This  was  verified  with  an  extracted  electron 
beam  of  several  amperes  of  current. 

2  OPERATION  WITHOUT  CESIUM 

More  than  36  mA  of  H'  ion  current  can  be  extracted  from 
the  SNS  R&D  #1  ion  source  if  no  cesium  is  added.  With 
proper  tuning  of  the  RF  matching-section  the  e'-to-H' 
current  ratio  can  be  reduced  to  about  27  at  the  highest  H' 
current  levels,  but  it  can  be  as  high  as  50.  Due  to  the  high 
electron  current  (0.9  to  2  A)  in  pure  volume  production 
mode,  the  duty  factor  is  limited  by  the  extraction  power 
supply.  If  the  power  supply  cannot  deliver  the  beam 
power,  the  extraction  voltage  decreases  during  the  beam 
pulse.  As  a  result,  the  ion  beam  impinges  on  the  extractor 
electrode  because  of  perveance  mismatch,  and  spark- 
downs  occur. 


Table  1  summarizes  the  peak  performance  of  the  ion 
source: 


Table  1:  SNS  R&D  #1  ion  source  performance 
without  cesium. 


H'  current 

36  mA 

e"  current 

960  mA 

eTH'  ratio 

>27 

RF  power 

63  kW 

Duty  factor” 

<  0.25  % 

Extraction  voltage 

27  kV 

Extraction  gap 

4  mm 

Extraction  hole 

3.5  mm  radius 

Gas  flow  through 
extraction  hole 

12  seem 

*  Imposed  by  extraction  power  supply 


3  OPERATION  WITH  CESIUM 

Installing  a  collar  around  the  outlet  aperture  can  reduce 
the  electron  portion  in  the  extracted  beam.  In  such  an 
arrangement,  a  small  cylinder  (15-mm-diam.,  15-mm- 
long)  is  mounted  on  the  outlet  electrode,  facing  the  plasma 
side  (see  Fig.  1).  This  collar  can  also  be  used  to 
accommodate  (inside  radial  grooves)  tiny  cesium  getter- 

double-walled  air  flow 


Figure  2:  View  of  the  new  SNS  H'  ion-source  collar 
arrangement.  Eight  getter  containers  which  slide  into  the 
slots  located  in  the  double-walled  collar  release  a  trace 
amount  of  cesium  into  this  region. 
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containers  [2].  Such  a  configuration  has  been  developed 
for  the  SNS  H  ion  source,  and  is  shown  in  figure  2. 

The  stainless-steel  double-walled  collar  is  thermally 
insulated  from  the  rest  of  the  ion  source.  Active  cooling  or 
heating  -  depending  on  the  source  duty  factor  -  is  possible 
by  passing  a  temperature-regulated  airflow  through  the 
collar  jacket.  The  collar  is  massive  enough  to  maintain  a 
uniform  temperature  distribution  along  its  inner  surface. 
Cesium  coverage  of  the  collar  surface  lowers  the  work 
function,  thus  increasing  the  H'  ion  density  in  the  plasma 
by  surface  production  mechanism.  The  best  source 
performance  can  be  achieved  at  a  surface  temperature  of 
around  200  degrees  Celsius. 

Uncooled,  the  new  collar  reaches  a  temperature  of  -400 
degrees  Celsius  at  50  kW  RF  input  power  at  12%  duty 
factor.  If  cooled  by  pressurized  air,  the  collar  temperature 
could  be  reduced  to  30  degrees  Celsius.  We  have  installed 
a  heating  element  around  the  air  input-line  (outside  the 
vacuum)  to  allow  adjustment  of  the  collar  temperature 
independent  from  plasma  heating  (i.e.  source  duty  factor). 

This  new  cesium  dispensing  system  allows  very  flexible 
source  operation,  which  is  not  achievable  with  a  cesium 
oven  alone.  In  addition,  since  only  trace  amounts  of 
cesium  are  dispensed  into  the  ion  source,  no  high-voltage 
spark-down  problems  occur  in  the  extraction  gap  or  in  the 
downstream  accelerator  components. 

After  mounting  the  cesium  dispensers  inside  the  collar, 
maximum,  stable  source-performance  can  be  achieved 
after  only  1/2  hour  of  source  operation  without  special 
conditioning  procedures.  If  the  source  is  restarted  up  after 
previous  operation  (i.e.  without  breaking  the  vacuum)  this 
time  is  reduced  to  -15  minutes.  As  shown  in  figure  3, 
43mA  of  IT  have  been  achieved  at  12%  duty  factor  (1  ms 
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pulse  length,  25kW  RF  input  power,  25  seem  hydrogen 
gas-flow,  extraction  hole:  3.5  mm  radius)  with  the 
described  collar  configuration.  The  ion  beam  pulse 
uniformity  is  within  1.2%  (-0.50  mA),  the  pulse-to-pulse 
reproducibility  within  0.6%  (-0.25  mA).  At  the  same  time 
the  extracted  electron  current  has  been  reduced  to  90  mA, 
lowering  the  eYH'  ratio  to  a  value  of  2.  (During  these 
experiments,  the  outlet  aperture  was  electrically  connected 
to  the  ion  source  body.)  Only  traces  of  cesium  have  been 
released  into  the  ion  source,  since  the  collar  always  stayed 
below  the  temperature  (-500  degrees  Celsius)  needed  to 
start  evaporation  of  the  cesium  getter  wires. 

4  CONCLUSION 

Figure  4  compares  the  SNS  R&D  source  peak- 
performance  without  and  with  cesium  released  into  the 
plasma  chamber.  By  releasing  cesium  into  the  plasma 
chamber,  the  SNS  ion-source  requirements  can  be 
achieved  at  much  lower  RF  input  power.  Furthermore,  the 
extracted  electron  current  is  drastically  reduced.  Source 
start-up  could  be  significantly  simplified  by  introducing  an 
improved  collar  design. 


Figure  4:  Comparison  of  SNS  R&D  #1  source 
performance  without  and  with  cesium  released  into  the 
plasma  chamber.  In  pure  volume  production  mode  the 
source  duty  factor  is  limited  by  the  extraction  power 
supply. 
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Figure  3:  43mA  of  H'  have  been  produced  at  12%  duty 
factor  (1  ms  pulse  width)  with  trace  amounts  of  cesium 
released  into  the  ion  source.  At  the  same  time,  the 
extracted  electron  current  has  been  reduced  to  90  mA.  The 
ion  beam  pulse  uniformity  is  within  1.2%  (-0.50  mA),  the 
pulse-to-pulse  reproducibility  within  0.6%  (-0.25  mA). 
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Abstract 

The  mechanical  design  of  the  prototype  H'  ion  source  for 
the  Spallation  Neutron  Source  (SNS)  is  presented. 
Experience  obtained  in  the  ongoing  SNS  R&D  program  is 
being  utilized  in  the  current  design.  The  physics  design 
parameters  require  a  2  MHz  RF-driven  multicusp  ion 
source  operated  at  50kW,  pulsed  (6%  duty  factor)  RF- 
power.  The  four  major  components  (plasma-generator, 
cesium  collar,  outlet  electrode,  the  source  tilt  mechanism) 
of  the  mechanical  packaging  of  the  ion  source  will  be 
presented  in  details.  The  mechanical  design  has  the  unique 
capability  of  tilting  the  ion  source  in  one  plane  in  order  to 
compensate  the  H  ion  beam  deflection  caused  by  a  strong 
magnetic  field  across  the  outlet  aperture.  This  B-  field 
deflects  electrons  in  the  extracted  beam  back  to  the  outlet 
electrode.  An  articulating  strut  system  will  provide 
accurate  control  over  the  adjustable  tilt  angle.  This  new 
ion  source  design  will  provide  easy  serviceability  of 
maintenance  parts  like  the  RF-antenna  and  the  cesium 
dispensing  system. 

I  INTRODUCTION 

Experiments  [ref.l]  performed  with  an  existing  volume  H 
source  helped  establish  the  design  requirements  for  the 
prototype  ion  source  for  the  SNS  project.  A  plasma 
chamber  size  of  11.5  cm  in  diameter  and  11.5cm  in  length 
has  been  found  to  be  an  optimum  size  for  the  prototype 
ion  source.  Installation  of  a  cesium  collar  near  the  outlet 
electrode  proved  the  advantage  of  reduced  extracted 
electron  current  together  with  a  significant  increase  in  the 
H'  output.  The  optimum  operating  temperature  of  the 
collar  was  found  to  be  300°  C.  The  location  of  the  filter- 
magnet  from  the  center  of  the  outlet  electrode  was 
optimized  to  15  mm.  The  above-mentioned  results,  helped 
establishing  the  base  line  design  parameters. 


There  are  four  major  sub-assemblies  in  this  design:  (1) 
The  plasma  chamber  and  cusp  magnet  assembly,  (2)  The 
outlet  electrode  assembly,  (3)  The  back  flange  assembly 
and  (4)  The  tilt  mechanism.  Each  sub-assembly  has  its 
cooling  system  for  removing  the  heat  generated  by  the 
plasma  particles  hitting  the  chamber  wall.  Figure  1  shows 
the  general  arrangement  of  the  prototype  source. 


Figure-1  Ion  source  general  layout 


2  MAJOR  COMPONENTS 

The  modular  design  approach  of  the  prototype  source  is 
meant  to  provide  easy  access  to  serviceable  components 
with  minimum  changeover  time. 

*This  research  is  sponsored  by  the  Lockheed  Martin  Energy  Research 
Corporation  under  the  U.S.  Department  of  Energy,  Contract  No.  DE- 
AC05-96OR22464,  through  the  Lawrence  Berkeley  National 
Laboratory  under  contract  No.  DE-AC  03-76SF00098. 
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2.1  Plasma  Chamber 

The  plasma  chamber  is  machined  out  of  316L  stainless 
steel  and  welded  with  another  concentric  chamber  that 
holds  the  twenty  NbFeB  cusp  magnets.  The  thin  annular 
space  between  these  two  bodies  is  utilised  as  a  cooling 
jacket.  There  are  four  cooling  circuits  for  uniform  heat 
removal  from  the  twenty  rows  of  magnets.  The  back 
flange  and  the  outlet  electrode  at  the  two  ends  terminate 
the  plasma 
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2.2  Outlet  Electrode 

The  oudet  electrode  sub-assembly  (see  figure-2)  consists 
of  the  outlet  electrode  itself,  the  electron  deflection 
magnets,  the  electron  dump  electrode  and  the  cooling 
channels  for  each  area.  The  filter  magnet  and  the  cesium 
collar  assemblies  are  also  mounted  from  the  outlet 
electrode.  Eight  cooling  lines  are  oriented  azimuthally  and 
they  come  out  through  the  corresponding  vacuum  feed¬ 
through  on  the  main  flange  of  the  plasma  chamber 
assembly.  This  design  allows  us  to  remove  the  outlet 
electrode  sub-assembly  from  the  source  in  one  package 
and  it  provides  easy  service  of  the  cesium  collar.  The 
alignment  of  the  electrode  with  respect  to  the  plasma 
chamber  is  critical.  Use  of  an  accurate  fixture  during 
mounting  the  pre  aligned  electrode  assembly  will  enable 
us  to  reach  the  alignment  target  described  in  section  4. 


Figure-2  Outlet  Electrode  Layout 


2.3  Back  Flange  Assembly 

The  back  flange  (see  figure-3)  has  four  magnet  slots  and  a 
cooling  passage  machined  in  the  304  stainless  body.  A 
hidden  O-ring  serves  as  vacuum  seal  between  the  plasma 
chamber  and  the  back  flange.  The  RF  antenna  is  mounted 
through  another  smaller  flange,  which  facilitates  easy 


repair  of  feed  through  components.  The  two  flanges  are 
vacuum-sealed  by  o-ring.  There  are  two  -quartz-window 
flanges,  welded  on  the  back  flange.  They  are  needed  for 
laser  beam  for  plasma  starting.  The  back  flange  sub- 
assembly  is  attached  with  the  main  flange  of  the  plasma 
chamber.  By  removing  the  back  flange  section,  the  RF 
antenna  can  be  replaced  without  disturbing  the  alignment 
of  the  ion  source. 


OUARTZ 

WINDOW 


O-RING 


Figure-3  Back  Flange  Layout 


2.4  Tilt  Mechanism 

To  compensate  for  the  deflection  of  the  H  ion  beam  due 
to  the  strong  magnetic  field  across  the  outlet  electrode,  the 
source  has  to  be  tilted.  The  maximum  tilt  range  is  0  to  6 
degrees.  This  is  achieved  by  mounting  the  whole  assembly 
on  two  flexural  pins  and  a  bellow  connection  that  will 
allow  the  outer  support  cylindrical  structure  of  the  source 
assembly  to  articulate  in  the  horizontal  plane.  The 
movement  of  the  stainless  steel  bellow  is  limited  to  three 
degree.  The  bellow  is  adjusted  to  three  degree  at  the 
neutral  position.  A  stepper  motor  controlled  actuator  can 
rotate  the  rear  end  of  the  source  assembly  through  the 
required  travel.  Figure-4  shows  the  three  positions  of  tilt 
of  the  ion  source.  The  resolution  of  the  actuator  movement 
is  accurate  enough  to  articulate  the  source  in  very  small 
increments  to  suit  the  operating  criteria  of  the  source.  The 
source  is  prevented  from  tilt  past  the  zero  position  by  a 
physical  stop  in  addition  to  the  limit  switches. 
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TOP  VIEW 
0“  MINIMUM  TILT 


TOP  VIEW 

3‘  NEUTRAL  POSITION 


Figure-4  Ion  source  tilt  position  0-6  degrees  range 

3  COOLING  SYSTEM 

The  heat  to  be  removed  from  the  plasma  chamber  is 
approximately  equal  to  the  RF  power  consumption  of  the 
source  (50  kW  at  6%  duty  factor).  The  plasma  chamber  is 
bombarded  by  the  hot-electrons  at  the  locations  of  the 
cusp  permanent  magnet.  This  heat  load  is  removed  by  the 
water  jacket  surrounding  the  whole  plasma  chamber. 
Similarly,  the  magnets  in  the  back  flange  are  cooled  by  the 
water  channels  machined  in  the  body  of  the  flange.  Heat  is 
also  added  in  the  form  of  hot  air  flow  to  the  cesium  collar 
from  outside.  This  collar  is  maintained  at  the  optimum 
operating  temperature  of  300°  C.  The  hot-collar  radiates 
heat  to  the  outlet  electrode  inside  face.  To  prevent  the 
radiation  heat  transfer  from  the  cesium  collar,  a  gap  is 
maintained  between  the  collar  and  the  electrode  plate.  In 
addition,  the  copper  surface  of  the  outlet  electrode  sub- 
assembly  has  a  cooling  line  for  removal  of  heat  produced 
by  deflected  electrons  from  the  filter  magnets.  The 
electron  dump  electrode  also  has  its  individual  cooling 
line.  These  cooling  lines  are  accessed  through  the 
insulated  vacuum  feed  through  in  the  main  flange  of  the 
ion  source. 


4  ALIGNMENT 

The  ion  source  positional  accuracy  is  critical  for  ion  beam 
optics  in  the  low  energy  beam  transport  (LEBT)  section. 
Figure-5  shows  ion  beam  deflection  in  the  SNS  LEBT  if 
one  of  the  electrostatic  lenses  is  shifted  transverse  to  the 
beam  direction  (calculated  by  the  3D  optics  code 
KOBRA). 

Beam  Displacement  Due  To  Misalignment 


Vertical  Misalignment  [mm] 


Figure-5  Effect  of  lens  misalignment 

As  shown  in  the  graph  a  lens-transverse-misalignment  of 
.05mm  would  result  in  a  beam  deflection  of  ,1mm  out  of 
the  center  position.  The  alignment  target  +/-  .05  mm  in  X 
and  Y  planes,  (perpendicular  to  the  beam  direction),  is 
achieved  by  using  a  common  axis  reference  between  the 
source  and  the  LEBT.  The  source  tilt  mechanism  is  kept 
on  axis  by  the  precision  flexural  pins  and  the  position 
accuracy  between  the  removable  flanges  is  controlled  by 
the  use  of  precision  dowel  pins. 

This  new  H'  ion  source  is  being  fabricated  and  testing  is 
scheduled  to  start  in  June,  of  this  year.  Results  of  the 
source  operation  will  be  reported  in  the  near  future. 
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Abstract 

For  the  upgrade  of  the  Los  Alamos  Neutron  Science 
Center  (LANSCE)  Facility,  the  Lawrence  Berkeley 
National  Laboratory  is  developing  an  H'  ion  generator  that 
can  deliver  the  required  beam.  The  output  current  has  to 
be  40  mA  at  a  repetition  rate  of  120  Hz  and  a  pulse  length 
of  1  ms  (12  %  duty  factor),  and  the  normalized  emittance 
must  be  less  than  0.1  7t  mm  mrad.  During  the  last  years, 
we  improved  the  so-called  surface-conversion  source  for 
the  generation  of  higher  H‘  currents.  Experiments  with 
magnetic  filter  fields  have  shown  that  the  output  current 
increases  linearly  with  the  discharge  power  in  contrast  to 
saturation  when  operating  without  a  filter.  In  the  latest 
source  configuration,  the  filter  field  is  generated  by  the 
cusp  magnets  itself,  resulting  in  a  simple  and  reliable 
setup.  In  this  paper  we  present  measurements  on  the 
output  current  as  a  function  of  discharge  power.  We 
discuss  operation  conditions  of  the  source  at  the  required 
40  mA  output  current.  Furthermore,  preliminary  results 
using  2  MHz  RF  power  with  an  antenna  for  plasma 
generation  will  be  described. 

1  INTRODUCTION 

The  requirement  for  higher  intensity  H'  ion  beams  for  the 
upgrade  of  the  Los  Alamos  Neutron  Science  Center 
(LANSCE)  Facility  necessitated  the  development  of  a 
new  ion  source.  Lawrence  Berkeley  National  Laboratory 
has  been  contracted  by  Los  Alamos  National  Laboratory 
to  develop  an  H  ion  source,  which  can  deliver  the 
required  beam  parameters,  demanded  by  the  LANSCE 
upgrade.  In  particular  the  output  current  has  to  be 
increased  from  16  to  40  mA,  whereby  the  beam  emittance 
may  not  increase.  Furthermore,  the  source  must  operated 
reliably  at  the  prescribed  12  %  duty  factor  (1  ms  pulse 
length  at  120Hz). 

The  Ion  Beam  Technology  (IBT)  Program  at  LBNL  is 
developing  the  so-called  surface  converter  source  for  the 
generation  of  negative  ions  for  a  number  of  years.  This 
type  of  source  was  chosen  as  a  candidate  for  the  LANSCE 
upgrade  because  it  is  known  as  a  very  effective  and 
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reliable  source.  Although  this  principle  was  expected  to 
have  an  intrinsic  current  limit,  experimental  studies  at 
LBNL  demonstrated  that  the  output  current  can  be 
increased  linearly  with  discharge  power  when  a  magnetic 
filter  field  is  applied,  which  prevents  energetic  electrons 
reaching  the  converter  region  [1],  Covering  the  converter 
surface  with  a  thin  layer  of  cesium  can  increase  the 
efficiency  of  the  source. 

2  EXPERIMENTAL  SETUP 

The  multicusp  surface  conversion  source  is  under 
investigation  at  LBNL  for  a  long  time  [2,3].  It  is  primarily 
composed  of  a  plasma  chamber  and  a  negatively  biased 
converter.  The  ions  present  in  the  hydrogen  plasma  (H+, 
H2\  H3+)  are  accelerated  towards  the  converter  surface.  IT 
can  be  formed  either  through  a  back  scattering  process  or 
a  sputtering  process  when  the  positive  ions  collide  with 
the  converter  surface. 

The  LANSCE  upgrade  source  consists  of  a  cylindrical 
stainless  steal  plasma  chamber,  in  which  the  converter  is 
mounted  along  the  axis.  The  diameter  and  length  of  the 
chamber  are  250  mm  and  230  mm,  respectively.  Outside 
the  chamber  18  columns  of  magnets  provide  the  cusp 
field.  Fig.  1  shows  a  3-D  cutaway  picture  of  the  source. 


Figure  1:  The  LANSCE  upgrade  source.  Shown  here  is 
the  plasma  chamber  with  the  magnets  and  the  filaments. 
The  converter  is  mounted  to  the  end  plate.  In  the  front 
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plate  a  collar  with  two  magnets  is  used  to  deflect  the 
electrons. 

The  position  and  length  of  the  filaments  are  arranged  in 
such  a  way  that  their  tips  are  surrounded  by  a  magnetic 
field  of  approximately  30  Gauss.  This  is  sufficient  to 
prevent  energetic  electrons  to  reach  the  converter  and 
extraction  regions.  The  filaments  are  biased  at  70  V 
negative  with  respect  to  the  source  body.  They  are  heated 
by  5  V  and  100  A  each.  The  potential  of  the  converter  is 
varied  in  between  -200  to  -400  V.  Cesium  is  brought  into 
the  plasma  chamber  by  heating  the  oven  and  the  valve  to 
200°  to  300°  C.  During  operation,  the  converter  current, 
the  repeller  current,  and  the  Faraday  cup  current  are 
monitored.  More  detailed  information  on  the  design  and 
construction  of  the  source  can  be  found  in  reference  [4], 
Fig.  2  shows  a  photograph  of  the  source  in  the  test  stand. 


Figure  2:  Photo  of  the  source  in  the  test  stand. 


3  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

After  assembling  the  source  has  to  be  conditioned  for  at 
least  10  hours.  Conditioning  is  done  by  heating  the  source 
with  filaments  and  plasma  discharge.  Then  cesium  is 
injected  into  the  source  chamber  via  a  nozzle  by  means  of 
heating  the  reservoir  and  oven  valve.  For  an  optimum 
oven  temperature,  the  H'  output  current  is  enhanced  by 
more  than  a  factor  of  10.  The  cesium  from  the  oven  covers 
the  surface  of  the  plasma  chamber  and  the  converter 
surface.  During  the  discharge  pulses,  the  positive  ions, 
which  are  present  in  the  plasma,  are  accelerated  across  the 
plasma  sheath  formed  in  front  of  the  converter  surface. 
They  can  sputter  a  portion  of  the  cesium  coverage.  The 
amount  of  cesium  coverage  on  the  converter  surface  is 
especially  important  for  efficient  H‘  generation.  It  is 
therefore  substantial  to  control  this  parameter.  There  are  3 
different  ways: 

i)  A  Change  of  the  duty  factor,  either  pulse  length 
or  repetition  rate,  influenced  the  amount  of 
sputtered  cesium.  Increasing  the  duty  factor  can 
reduce  the  thickness  of  the  cesium  layer. 

ii)  A  change  in  converter  voltage  can  modify  the 
ion  energy  and  therefore  the  sputter  coefficient. 
A  higher  converter  voltage  reduces  the  thickness 
of  the  cesium  layer. 

iii)  A  change  of  the  converter  surface  temperature 
can  influence  the  cesium  coverage.  Increasing 
the  converter  surface  temperature  (e.g.  by 
reducing  the  cooling  water  flow)  can  reduce  the 
thickness  of  the  cesium  layer. 


Arc  Power  (kW) 

Figure  3:  H'  current  as  a  function  of  discharge  power.  The  arc  and  converter  voltages  are  70  and  300  V, 
respectively.  The  pulse  length  and  repetition  rate  are  kept  constant  at  1.2  ms  and  100  Hz  (12%  duty  factor), 
respectively.  The  cesium  coverage  is  optimized  by  adjusting  the  converter  surface  temperature. 


1918 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 

matching  network.  In  contrast  to  the  operation  with 
filaments  the  power  load  of  the  source  for  RF  operation  is 


For  LANSCE  operation  the  duty  factor  is  fixed  and  only 

ii)  and  iii)  can  be  applied.  Because  the  converter  voltage 
is  limited  by  arcing  towards  the  plasma,  we  believe  that 

iii)  is  the  best  approach  for  adjustment  of  the  converter 
surface  cesium  coverage. 

In  Fig.  3  the  H'  current  (measured  in  a  Faraday  cup, 
placed  3  cm  behind  the  outlet  electrode)  is  shown  as  a 
function  of  the  discharge  power.  The  arc  and  converter 
voltages  are  70  and  300  V,  respectively.  The  pulse  length 
and  repetition  rate  are  kept  constant  at  1.2  ms  and  100  Hz 
(12%  duty  factor),  respectively.  The  cesium  coverage  is 
optimized  by  adjusting  the  converter  surface  temperature. 
It  is  clear  from  the  figure  that  the  current  increases 
linearly  with  the  discharge  power  from  10  mA  at  2  kW  to 
40  ma  at  8  kW.  For  larger  values  of  discharge  power  the 
current  saturates.  We  believe  that  this  is  due  to  the  fact 
that  at  higher  power  levels  more  impurities  are  present, 
which  has  also  been  observed  with  a  residual  gas  analyzer. 

In  Fig.  4  the  pulse  shape  is  plotted  for  an  H'  current  of  44 
mA.  The  discharge  power  amounts  to  8.6  kW.  In  this 
example  the  cesium  coverage  on  the  converter  was 
optimized  via  the  repetition  rate,  which  is  190  Hz  at  a 
pulse  length  of  1.2  ms  (duty  factor  23%).  The  peak  at  the 
beginning  of  the  pulse  indicates  a  slightly  overcesiated 
converter. 
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Figure  4:  Pulse  shape  of  a  44  mA  H  beam.  The  arc  power 
amounts  to  8.6  kW  at  a  pulse  length  of  1.2  ms  and  a 
repetition  rate  of  190  Hz. 

Recently  we  try  to  improve  the  overall  efficiency  of  the 
source  by  using  RF  power  to  generate  the  plasma. 
Therefore,  the  filaments  have  been  removed  and  are 
replaced  by  a  quartz  antenna  as  shown  in  fig.  5.  The 
antenna  is  connected  to  a  2  MHz  power  supply  via  a 


reduced  by  at  least  a  factor  of  two. 


Figure  5:  The  endplate  of  the  source  with  the  quartz  RF 
antenna.  Note  that  a  silver  plated  copper  wire  is  inside  the 
quartz  tube.  The  antenna  is  water-cooled.  Also  shown  is 
the  converter. 

First  operation  without  cesium  injection  shows  that 
plasma  generation  is  possible.  However,  the  neutral  gas 
pressure  has  to  be  increased  compared  to  operation  with 
filaments.  Work  is  still  in  progress  to  optimize  the  source 
operation  with  RF  discharges. 
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Abstract 

The  upgrade  of  the  Los  Alamos  Neutron  Science  Center 
(LANSCE)  Facility  will  require  high  intensity  H-  beams. 
Lawrence  Berkeley  National  Laboratory  (LBNL)  has  been 
contracted  by  Los  Alamos  to  develop  an  H-  ion  generator 
that  will  meet  the  LANSCE  upgrade  requirements.  H- 
current  is  to  be  increased  from  the  present  18  mA  to  40 
mA.  The  current  LANSCE  ion  source  uses  surface 
conversion  process  and  extracts  ions  radially.  Two 
tungsten  filaments  are  used  as  cathodes.  The  ion  source 
designed  by  LBNL  is  also  a  surface  conversion  type  source 
but  the  ions  are  extracted  axially.  This  design  allows  six 
or  more  tungsten  filaments  to  be  installed  radially  so  that 
the  magnetic  field  of  the  permanent  magnets  on  the 
cylindrical  wall  provides  a  magnetic  filter  field.  This  filter 
field  prevents  energetic  electrons  from  entering  the  central 
plasma  region  where  they  could  strip  the  H~  ions.  The 
LBNL  designed  ion  source  has  been  operated  successfully 
at  the  design  parameters,  40  mA  H~  at  12  %  duty  factor 
with  1  msec  pulses.  This  paper  describes  the  design  and 
fabrication  of  the  ion  source. 

1.  INTRODUCTION 

The  next  generation  spallation  neutron  sources,  such  as 
the  upgrade  of  the  Los  Alamos  Neutron  Science  Center 
(LANSCE)  Facility  will  require  high  intensity  negative 
hydrogen  (H~)  beams.  Lawrence  Berkeley  National 
Laboratory  has  been  contracted  by  Los  Alamos  National 
Laboratory  to  develop  an  H~  ion  generator  that  can  meet 
the  upgrade  LANSCE  neutron  source  requirement. 
Specifically,  the  output  current  of  the  new  H-  ion  source 
has  to  increase  from  16  to  40  mA.  In  addition,  source 
emittance,  reliability,  and  availability  will  need  to  be 
improved.  All  of  which  must  be  achieved  while  operating 
under  the  facility’s  prescribed  12%  duty  factor  (1  ms  pulse 
at  120  Hz). 

In  order  to  meet  the  LANSCE  source  requirement,  the 
Ion  Beam  Technology  (IBT)  Program  at  LBNL  chose  the 
surface-conversion  multicusp  ion  source  as  the  base 
candidate.  The  present  LANSCE  H~  source  is  also  a 
surface-conversion  source,  however  the  H_  output  current 
does  not  increase  much  beyond  20  mA  with  higher' 
discharge  power.1  Previous  experimental  study  at  LBNL 
demonstrated  that  if  the  surface-conversion  source  is 
operated  with  a  magnetic  filter,  the  H~  output  current 
generated  by  a  barium  converter  can  increase  without 
saturation  with  increased  discharge  power.2  Based  on  this 
study,  a  prototype  ion  source  has  been  developed  to  utilize 
the  multi-cusp  magnet  arrangement  as  a  filter.  Cesium  is 


used  to  lower  the  work  function  of  the  converter  and 
therefore  enhance  the  H~  yield. . 

2.  ION  SOURCE  CONFIGURATION 


LBNL  has  been  developing  multicusp  surface  conversion 

ion  sources  for  many  years.34  The  typical  multi-cusp  H~ 
surface  conversion  source  consists  of  a  plasma  chamber 
and  a  negatively-biased  converter  electrode  as  illustrated  in 
Figure  1. 


FILAMENT  (6) 


c=0 


CESIUM  OVEN  AND  INJECTOR 


Figure  1 :  Schematic  of  the  surface  conversion  ion  source. 


The  positive  ions  present  in  the  hydrogen  plasma  (H+, 
H2+,  H3+)  are  accelerated  across  the  plasma  sheath  formed 

along  the  converter  surface.  H~  ions  are  formed  on  the 
surface  and  extracted  back  across  the  sheath.  The  spherical 
surface  of  the  converter  focuses  the  negative  ions  through 
the  extraction  aperture.  The  converter  is  coated  with  a  low 
work-function  material  such  as  cesium  to  enhance 
negative  ion  conversion. 


The  current  LANSCE  ion  source  has  a  cylindrical 
body  and  the  negative  ions  are  extracted  radially.  The  two 
filament  cathodes  are  located  on  the  cylinder  end  flanges. 

The  new  LANSCE  H_  ion  source  is  also  of  cylindrical 
design,  however,  the  converter  is  installed  along  and 
parallel  to  the  cylindrical  axis  as  shown  in  Figure  2. 
Negative  ions  are  extracted  along  the  cylindrical  axis.  Six 
filaments  are  installed  radially  between  the  cylindrical  wall 
cusp  magnets,  Figure  3.  The  magnets  provide  a  filter 
field,  which  reduces  the  number  of  energetic  electrons  in 
the  main  plasma  volume.  This  reduces  the  negative  ion 
stripping  due  to  energetic  electrons.  A  converter  of  twice 
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the  area  of  the  current  converter  is  also  used.  The  radius 
of  curvature  is  increased  to  maintain  the  same  projection 
angle.  The  axial  position  of  the  converter  was  optimized 

for  maximum  H~  output. 


Figure  2:  3-D  cutaway  rendering  of  the  LBNL  designed 
ion  source  for  LANSCE.  Note  that  the  filaments  are 
placed  radially  and  the  converter  al  mounted  along  and 
parallel  to  the  cylindrical  axis. 


Figure  3:  Magnet  and  filament  configuration.  (A)  Wall 
cusp  magnets  (18  columns).  (B)  Filaments  (total  6).  The 
filament  tips  are  placed  at  approximately  the  25  gauss 
region.  (C)  Converter  installed  on  the  cylindrical  axis. 

A  fepeller  similar  to  one  used  on  the  current  LANSCE 
source  is  utilized  in  the  new  design  to  prevent  electrons 
from  being  extracted  and  accelerated  along  with  the 


primary  H-  beam,  Figure  1.  This  is  an  electrically 
isolated,  conical  collimator  installed  in  front  of  the  outlet 
aperture.  The  collimator  is  biased  slightly  positive  with 
respect  to  the  ion  source  body.  This  repels  positive  ions. 
The  lack  of  positive  charge  in  the  region  will  prevent 
plasma  electrons  from  entering.  Two  magnets  form  a  cusp 
field  within  the  collimator  to  deflect  energetic  electrons 
from  the  converter  to  the  conical  wall. 

Cesium  is  injected  into  the  source  from  a  heated  oven. 
The  oven  is  mounted  on  the  cylindrical  wall  with  an 
injection  tube  penetrating  the  This  arrangement  enables 
one  to  inject  cesium  into  the  central  plasma  region. 
Cesium  forms  a  thin  layer  on  the  converter,  which 
enhances  H~  conversion.  The  operating  temperature  is 
typically  between  200  and  300  C°. 

3.  ION  SOURCE  CONSTRUCTION 

The  ion  source  body  is  constructed  of  stainless  steel.  It  is 
cylindrical  with  plasma  confinement  provided  by 
samarium  cobalt  magnets  placed  on  all  source  walls.  The 
cylindrical  sidewall  has  1 8  line  cusps  parallel  to  the  source 
axis.  The  rear  flange  has  four  line  cusps  placed  on  parallel 
chords.  The  front  flange  has  18  radially  arranged  magnets. 
A  space  is  provided  in  the  center  of  the  radial  array  for 
installation  of  the  repeller  assembly.  The  wall  and  back 
flange  magnets  are  installed  in  copper  boats  to  provide 
cooling.  The  front  flange  magnets  are  mounted  on  a  low 
carbon  steel  plate,  which  is  brazed  to  a  copper  plate.  The 
copper  plate  is  in  turn  attached  to  the  main  water-cooled 
flange. 


Quartz  Insulator 


E3  Copper 
U  Molybdenum 
E22  Stainless  steel 


Figure  4:  Cross-section  schematic  of  the  converter 
showing  construction  and  water  flow. 

The  converter  is  installed  through  the  rear  flange.  An 
insulating  flange  is  used  to  provide  electrical  isolation 
from  the  source  body.  Figure  4  is  a  schematic  of  the 
converter  construction.  The  converter  surface  is  machined 
to  a  spherical  shape  from  molybdenum.  The  molybdenum 
plate  is  vacuum  brazed  to  a  copper  interface  piece  to 
provide  good  thermal  contact  and  conductance  to  the 
cooling  channel.  The  cooling  channel  is  machined  from 
stainless  steel  and  is  vacuum  brazed  to  the  copper.  Coaxial 
stainless  steel  tubing  is  welded  to  the  cooling  channel 
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plate.  Water  is  supplied  through  the  inner  tube  and 
returned  through  the  outer.  A  quartz  cover  is  provided  for 
the  rear  and  side  surfaces  of  the  converter  assembly.  The 
cover  isolates  the  areas  which  face  the  plasma.  Only  the 
spherical  surface  is  exposed  to  the  plasma. 

Six  filament  feedthroughs  are  provided.  They  are 
arranged  radially  around  the  cylindrical  wall.  Cooling  is 
provided  by  squirt  tubes  inserted  in  each  feedtthrough  leg. 
The  filaments  are  fabricated  from  1.5-mm  diam.  tungsten 
rod.  The  filaments  are  inserted  into  and  held  firmly  by  a 
molybdenum  and  copper  chucks. 

A  cesium  oven  connected  to  a  commercial  high 
temperature  valve  is  installed  radially  on  the  cylindrical 
wall.  A  molybdenum  tube  is  used  to  transport  cesium 
vapor  into  the  central  region  of  the  ion  source.  A  heating 
block  is  mounted  on  the  oven.  It  is  heated  by  a  250  Watt 
cartridge  heater. 

4.  CONCLUSION 

Two  ion  identical  ion  sources  have  been  fabricated. 
Figures  5  and  6  are  photographs  of  one  of  the  sources. 
One  has  been  delivered  to  LANSCE  for  testing  on  their 
test  stand.  The  second  source  is  being  tested  on  the  LBNL 
test  stand. 


Figure  5:  Photograph  showing  the  back  flange  of  the  ion 
source.  The  linear  manipulator  is  for  test  purposes  only. 
It  will  be  used  to  optimize  the  converter  position  for 
optimum  current  and  emittance. 


Figure  6:  Photograph  showing  inside  of  the  ion  source. 
The  converter  can  be  seen  on  the  removed  end  flange. 
Notice  the  six  radially  positioned  filaments. 
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Abstract 

The  H'  injector  at  Los  Alamos  National  Laboratory 
(LANL)  is  being  upgraded  to  provide  a  12%  duty-factor, 
40-mA,  80-kev  H'  beams,  which  will  enable  200- pA 
operation  of  the  Los  Alamos  Neutron  Scattering  Center 
(LANSCE)  proton  storage  ring  (PSR).  An  improved 
version  of  the  LANSCE  operational  surface-conversion 
ion  source  and  a  new  accelerating  column  have  been 
developed  in  collaboration  with  the  Lawrence  Berkeley 
National  Laboratory  (LBNL)  for  this  application  [1],  We 
report  here  the  results  of  the  initial  tests  at  LANL  on  a 
proof-of-principle  (POP)  ion  source  built  at  LBNL  and  on 
modeling  studies.  The  POP  ion  source  has  been  operated 
at  the  40-mA  design  beam  current,  and  the  beam  emittance 
of  the  80-keV  extracted  beam  has  been  measured  both  at 
the  exit  of  the  accelerating  column  and  in  the  80-keV  low- 
energy  beam  transport  (LEBT)  line.  Significant,  current- 
dependent,  emittance  growth  was  observed  in  the  LEBT. 
Experimental  investigations  of  this  growth  are  described. 

1.  INTRODUCTION 

A  goal  of  the  Short  Pulse  Spallation  Source  (SPSS) 
Enhancement  Project  [1]  at  LANL  is  to  upgrade  the 
existing  facilities  at  LANSCE  to  reliably  produce  200  pA 
for  the  Manuel  Lujan  Neutron  Scattering  Center  target. 
To  achieve  this  SPSS  goal,  a  significant  increase  in  beam 
current  from  the  H"  injector  is  required.  Higher  peak 
current  will  reduce  the  fill  time  of  PSR  and  reduce  the 
stored-beam  losses,  and  higher  peak  current  allows  an 
increased  gap  in  the  chopped  beam,  which  could  improve 
beam  stability  at  high  currents.  A  minimum  of  20  mA  is 
essential;  a  beam  current  of  40  mA  is  the  desired  goal. 
Our  present  H'  injector  produces  16-17  mA  of  beam  with 
a  normalized  beam  emittance  equal  to  1.0  n  mm-mrad  for 
95%  of  the  beam.  A  reduction  in  beam  emittance  is  also 
required;  smaller  emittance  should  reduce  beam  losses  in 
the  linac.  A  normalized  beam  emittance  of  95%  of  the 
beam  should  be  less  than  0.8  Jt  mm  mrad,  whereas  0.4  is 
our  desired  goal.  To  limit  the  demand  on  resources,  we 
will  continue  using  the  present  80-keV  LEBT  and  plan  to 
achieve  the  injector  improvements  via  source  and  column 
upgrades. 

2.  THE  EXPERIMENTAL  SETUP 

2.1  The  Ion  Source  Test  Stand  (ISTS) 

The  ISTS  was  built  to  develop  the  necessary  injector 
improvements  without  interfering  with  LANSCE 


operations.  We  designed  the  ISTS  to  duplicate  the  H  80- 
keV  beam  transport  inside  the  LANSCE  750-kV  injector 
dome.  The  ISTS  has  additional  emittance  diagnostics  to 
better  characterize  the  beam  behavior.  They  are  located  at 
end  of  column  (EM01)  and  at  the  location  of  the  entrance 
to  the  670-kV  accelerating  column  (EM03).  The  EM02 
diagnostic  is  located  between  the  two  solenoids  as  in  the 
LANSCE  injector.  Reference  [2]  give  a  detailed 
description  of  the  ISTS.  Figure  1  shows  an  80-kV  dome 
LEBT  schematic. 


Figure  1  Line  Drawing  of  the  Dome  LEBT 

2.2  New  80-keV  Column  Design 

The  present  80-kV  column  has  shortcomings  when 
operated  with  high  currents  in  our  present  LEBT.  During 
normal  operations  we  limit  emittance  growth  in  the 
column,  typically,  by  perveance  matching  in  the  column. 
To  prevent  the  formation  of  aberrations  in  the  first  LEBT 
solenoid,  we  must  produce  a  beam  at  the  column  exit  with 
relatively  small  beam  size  and  with  small  divergence  so 
not  to  fill  the  aperture  of  the  first  solenoid.  Using  the 
present  column,  we  cannot  simultaneously  maintain  a 
perveance-matched  beam  and  control  the  beam  size  in  the 
LEBT.  This  inability  becomes  unacceptable  at  high-beam 
currents.  The  new-column  design  addresses  the  above 
problems.  It  uses  an  asymmetric  Einsel  lens  and  provides 
perveance  matching  and  independent  beam  focussing  for  a 
range  of  high  currents.  Simulations  show  that  this 
column  can  produce  sufficiently  small  beam  sizes  at  high 
currents.  In  addition,  the  new  column  includes  an  ion  trap 
to  stop  back-streaming  positive  ions,  thereby,  reducing 
their  damage  to  the  ion  source  and  enhancing  the  beam 
neutralization  in  the  downstream  LEBT.  Figure  2  shows 
the  new  column  design.  The  new  column  has  been 
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installed  but  not  tested.  All  following  results  were  made 
with  the  operations-type  column. 

3.  EXPERIMENTAL  RESULTS 

3.1  Operations  Source 

As  reported  earlier  [2,3]  concerning  the  operations  source, 
we  found  that  the  beam  at  EM02  had  the  same  emittance 
as  measured  in  the  LANSCE  injector.  Using  the 
additional  emittance  station,  EM01 ,  we  also  observed  that 
the  beam  had  the  emittance  equal  to  the  expected  source 
admittance. 


Figure  2  Line  drawing  of  the  new  80-keV  column  design 

Because  the  emittance  at  EM02  is  significantly  larger  than 
EM01,  all  the  observed  emittance  growth  occurs  in  the 
first  104  cm  of  the  LEBT. 

3.2  POP  Source 

Initially  the  POP  source  produced  significantly  less  beam 
than  observed  at  LBNL.  Simulations  of  the  source  and 
column  showed  that  significant  beam  current  loss  occurred 
on  the  1-cm  plasma  aperture.  We  enlarged  this  aperture  to 
1.6  cm,  obtained  40  mA  of  H  current,  and  confirmed  the 
previous  LBNL  measurement  [4],  With  the  1.6-cm 
aperture  the  beam  current  increased  linearly  with  arc 
current  as  it  reached  40  mA;  however  the  LANSCE 
operations  source  saturated  at  28  mA.  An  interesting  but 
unexplained  observation  is  that  for  a  given  arc  current  the 
operations-source  beam  current  increased  by  only  10% 
when  the  aperture  was  enlarged;  however,  the  POP-source 
current  increased  by  a  factor  of  two.  Nonetheless, 
increasing  the  plasma  aperture  did  increase  the  maximum 
current  from  the  operation  source. 

3.3  Emittance  measurements  and  growth 

We  were  unable  to  obtain  a  complete  set  of  EM01 
measurement  at  the  exit  of  the  column.  However,  two 
EM01  measurements  showed  that  the  normalized  rms 
emittance  was  0.014  and  0.018  n  cm-mrad  with  the  POP 
and  operations  sources  respectively.  These  emittance 
areas,  with  the  enlarged  plasma  aperture,  are  again  similar 


to  the  admittance  (0.014  n  cm-mrad)  of  the  source  and 
predictions  of  PBGUNS  [5].  The  POP  source  supplied 
24.5  mA,  and  the  operations  source  supplied  15  mA 
during  these  measurements. 

Using  the  1.6-cm  plasma  electrode  aperture,  we  continued 
to  observe  significant  growth  between  column  exit  and 
EM02.  Using  the  operations  source  we  observed  that  the 
normalized  total  emittance  at  EM02  increased  from  0.25 
to  0.31  n  cm-mrad  emittance  (a  25  %  increase)  as  the 
beam  current  increased  from  8  to  24  mA.  Using  the  POP 
source  we  measured  a  normalized  total  emittance  increase 
from  0.20  to  0.29  n  cm-mrad  (a  45%  increase)  as  the 
current  increased  from  24  to  34  mA.  Above  28  mA  of 
beam  current  the  EM02  emittance  increases  rapidly  with 
increasing  beam  current,  but  below  28  mA  the  rate  of 
increase  is  significantly  less.  See  figure  4.  PBGUNS 
simulations  show  that  for  beam  currents  above  28  mA, 
the  beam  size  in  the  first  solenoid  becomes  sufficiently 
large  so  that  the  solenoid  will  begin  causing  significant 
aberrations  to  the  beam.  We  observe  that  the  rms 
emittance,  which  is  determined  using  a  moments  analysis, 
increases  even  more  rapidly  with  beam  current  than  the 
total  emittance.  This  result  supports  our  conclusion  that 
part  of  the  increasing  emittance  growth  is  caused  by  beam 
aberrations  from  the  solenoid.  It  should  be  noted  that 
when  both  sources  were  producing  the  same  amount  of 
current,  24  mA,  the  beam  emittance  with  the  POP  sources 
was  33%  smaller  than  that  with  the  operations  source. 

Figure  3.  Horizontal  and  vertical  emittance  at  EM02  with 
the  1 .6  cm  plasma  electrode  aperture. 


Beam  Current  mA 

As  we  increased  the  beam  current  from  the  sources,  we  did 
not  obtain  a  complete  set  of  EM01  measurements  to 
compare  with  all  the  EM02  measurements.  However, 
where  the  comparison  can  be  made  and  when  the  beam 
emittance  should  not  be  affected  by  solenoid  aberrations, 
the  emittance  growth  between  EM01  and  EM02  is  greater 
than  a  factor  of  two.  At  higher  beam  currents  where 
solenoid  aberrations  are  also  important,  the  emittance 
growth  is  significantly  greater.  To  explore  this  emittance 
growth,  we  modeled  the  beam  dynamics  between  EM01 
and  EM02  using  the  codes  SCHAR  [6]  and  SOLEN  [7] 
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and  used  three  different  initial  beam  distributions,  the  4- 
volume,  the  KV  and  the  Gaussian  distributions.  The 
initial  beam  distribution  was  constrained  to  have  the 
Courant-Snyder  [8]  parameters  and  rms  emittance  of  the 
measured  beam.  Figure  4  shows  the  simulated  dependence 
of  EM02  emittance  on  beam  current  and  beam 
distribution.  Of  the  three  distributions,  only  the  Gaussian 
distributions  produced  the  observed  emittance 


Figure  4.  Rms  Emittance  at  EM02  as  a  function  of 
effective  beam  current  for  various  assumed  beam 
distribution 

growth.  Our  beams  appear  to  have  a  Gaussian 
distribution  because  we  found  that  the  total  emittance  (E) 
has  the  dependence 

E  (F)  =  K  x  In  (1/1-F)) 

where  F  is  the  beam  fraction  contained  within  the  area  E 
and  K  is  equal  to  twice  the  rms  emittance  value.  Such 
dependence  is  indicative  of  a  Gaussian  distribution  [9], 
See  figure  5. 


ln(l/(l-F» 


Figure  5.  Total  Emittance  versus  fraction  of  beam 
enclosed 

We  suggest  that  emittance  growth  was  the  result  of  beam 
space  charge  effects  due  to  an  incompletely  neutralized 
beam.  To  test  this  hypothesis  we  added  argon  gas  to  the 
LEBT  and  measured  the  EM02  emittance  versus  gas 
pressure  in  the  LEBT.  Because  we  were  seeking  a 
qualitative  result,  we  did  not  attempt  to  uniformly 
distribute  the  argon  in  the  LEBT,  but  only  added  gas  at 
one  point.  We  observed  15%  decrease  in  emittance  that 
varied  approximately  linearly  with  gas  pressure. 


4.  CONCLUSIONS  AND  FUTURE 
PLANS 

We  confirmed  that  the  POP  source  can  meet  the  SPSS 
beam-current  goal;  the  POP  produced  more  beam  than  the 
operations  source.  We  observed  that  the  emittance  at 
EM01  was  smaller  using  the  POP  source  compared  to 
using  the  operations  source  at  the  same  beam  current. 
Significant  emittance  growth  occurs  between  the  column 
exit  and  the  mid-point  of  the  80-keV  LEBT;  the  growth  is 
at  least  a  factor  of  two.  Initial  measurements  indicate  that 
the  emittance  growth  was  in  part  due  to  space  charge 
effects  that  can  be  reduced  with  the  addition  of  a 
neutralizing  gas.  Beam-dynamics  simulations  indicated 
that  beams  with  Gaussian  distributions  could  exhibit  the 
kind  of  emittance  growths  that  we  observe.  Furthermore, 
the  measured  emittance  dependence  on  beam  fraction  is 
consistent  with  a  Gaussian  distribution. 

Because  the  present  beam  emittance  at  the  mid-point  of 
the  LEBT  does  not  meet  the  SPSS  requirements  we  must 
develop  methods  to  reduce  the  emittance  growth  in  the 
LEBT.  To  support  our  development,  we  will  examine  the 
following  topics:  Can  we  limit  the  emittance  growth 
between  EM01  and  EM02  by  more  uniformly  adding 
neutralizing  gases  in  the  LEBT?  Does  the  new  column 
perform  as  designed?  Does  emittance  growth  occur 
between  EM02  and  EM03?  What  are  the  beam  production 
characteristics  of  the  final  version  of  the  LBNL  source  and 
do  they  meet  the  SPSS  requirements? 
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Abstract 

An  upgrade  program  for  the  LANSCE  facility  at  Los 
Alamos  National  Laboratory  [1]  aims  at  generating  and 
transporting  a  40-mA  H  beam  with  80  keV  energy  and 
minimal  emittance  increase  over  the  value  currently  meas¬ 
ured  with  a  16-mA  beam.  Within  a  collaboration  between 
the  two  laboratories,  LBNL  has  built  a  new  ion  source  [2] 
that  allows  the  extraction  of  a  40-mA  beam.  However, 
there  are  strong  indications  that  a  new  layout  of  the  ex¬ 
traction  system/LEBT  is  needed  to  efficiently  deliver  a 
low-emittance  beam  with  this  increased  beam  current.  An 
additional  requirement  for  the  new  system  is  its  adap¬ 
tability  to  a  range  of  beam  currents  between  20  and  40 
mA.  The  design  of  this  new  system,  based  on  extensive 
simulations  with  the  code  IGUN  [3],  is  described  in  this 
paper. 

1  INTRODUCTION 

The  LANSCE  facility  at  Los  Alamos  National  Laboratory 
is  currently  operating  with  a  16-mA  H'  ion  beam  obtained 
from  a  surface-production  ion  source  [4].  A  project  to 
improve  the  neutron  output  of  the  facility  is  now 
underway  and  aims  at  an  ion-beam  current-increase  of  a 
factor  of  two.  Beam  simulations  [1],  however,  clearly  in¬ 
dicate  that  the  available  80-kV  column  that  incorporates 
the  extraction  system  and  the  initial,  electrostatic,  part  of 
the  LEBT  will  be  unable  to  transport  beams  of  this  inten¬ 
sity  through  the  subsequent  magnetic  LEBT. 

Members  of  the  Ion  Beam  Technology  Program  at 
Berkeley  Lab  were  already  engaged  in  providing  a  40-mA 
ion  source  [2]  for  the  LANSCE  upgrade  project,  and  the 
work  presented  in  this  paper  was  undertaken  to  develop  a 
viable  modification  to  the  existing  80-kV  column.  One 
main  constraint  for  this  work  was  the  condition  that  the 
existing  insulators  be  preserved  in  order  to  keep  this 
project  within  budget  and  schedule.  Another  condition 
was  imposed  by  the  magnetic  LEBT  whose  first  solenoid 
aperture  of  38-mm  diameter  was  not  to  be  illuminated  to 
more  than  50%. 

2  BASIC  CONSTRAINTS 

2.1  80-kV  Column 

The  existing  80-kV  column  in  the  LANSCE  injector  re- 
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presents  a  modified  Pierce  extraction  system  [5]  with  two 
intermediate  electrodes  between  source  outlet  potential 
and  ground.  The  electrode  contours  are  shaped  according 
to  Pierce’s  design,  but  the  voltage  in  the  first  gap  had  to 
be  considerably  reduced  to  avoid  frequent  high-voltage 
breakdown.  In  addition,  the  aperture  in  the  first  inter¬ 
mediate  electrode  was  widened  from  10  to  22  mm  which 
moved  the  column  parameters  even  further  away  from  a 
true  Pierce  system.  A  trap  is  added  on  the  downstream 
side  of  the  column  electrodes  to  keep  space-charge 
neutralizing,  positive,  ions  within  the  transported  H' 
beam. 

The  column  insulator  is  shown  in  Fig.  1,  already 
fitted  with  the  new  electrodes  that  will  be  discussed  later 
on.  It  consists  of  two  concentric  ceramic  tubes  enclosing  a 
space  that  can  be  filled  with  an  insulating  gas.  With  this 
construction,  high-voltage  breakdown  in  air  is  totally 
avoided  up  to  a  total  voltage  of  80  kV.  The  inner  tube 
carries  corona  rings  on  its  outer  perimeter  which  are 
connected  to  feed-throughs  that  pass  through  this  insulator 
and  connect  to  the  inner  electrodes.  Small  recesses  on  the 
inner  perimeter  of  this  tube  serve  as  indices  for  the 
installed  electrodes. 

2.2  Ion  Source 

Both,  the  old  and  the  new  ion  source  are  of  the  surface- 
production  type  with  internal,  cesium-covered  converter 
[2],  The  converter  bias  of  -250  V  with  respect  to  the 
outlet-electrode  potential  already  accelerates  the  H‘  ion 
beam  within  the  plasma  generator  and  helps  to  overcome 
problems  arising  from  high  space-charge  density  at 
thermal  ion  velocities  usually  encountered  with  other  ion 
sources.  An  arrangement  of  permanent  magnets  inside  the 
plasma  electrode  significantly  reduces  the  amount  of 
electrons  that  are  extracted  together  with  the  H  ions. 

2.3  IGUN  simulations 

The  beam-trajectory  simulation  code  IGUN  [3]  is  capable 
of  handling  positive  ions  extracted  from  a  plasma  or 
“injected”  into  a  system  under  study  as  an  external  input 
file.  Our  rationale  in  using  IGUN  as  a  design  tool  for  the 
LANSCE  column  upgrade  was  that  we  did  not  intend  to 
study  the  fundamental  processes  of  H‘  beam  formation  but 
rather  build  on  an  existing  system  and  investigate  the 
effects  caused  by  the  higher  space-charge  density  of  the 
envisaged  40-mA  beam.  For  this  purpose,  assuming  a 
proton  beam  with  inverted  electrode  potentials  was  judged 
to  be  adequate. 
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Figure  1.  New  80-kV  column  for  the  LANSCE  injector. 
A,  ion-source  plasma-electrode.  B,  outlet  (“Pierce”) 
electrode  on  -80  kV.  C,  extractor  electrode  (-50  kV).  D, 
lens  (-75  kV).  E,  ion  trap  (+8  kV).  F,  ground  electrode. 
All  potentials  apply  to  negative  ions. 


The  simulations  had  the  goal  of  creating  an  electrostatic 
LEBT  as  first  part  of  the  existing  hybrid  LEBT  capable  of 
accommodating  a  wide  range  of  beam  currents,  between 
15  and  40  mA,  and  with  minimized  aberrations  to  keep 
the  effective  beam  emittance  as  low  as  possible. 

In  most  of  the  simulations  performed  for  this  study,  a 
longitudinal  energy  of  375  eV  was  assigned  to  the  ions 
within  the  ion-source  plasma.  The  exact  value  of  this 
energy,  down  to  250  eV,  proved  to  have  only  a  weak 
influence  on  the  resulting  beam  parameters.  Because  of 
the  fact  that  reduction  of  aberrations  was  a  primary  goal 
in  this  study,  most  of  the  calculations  were  performed  for 
vanishing  ion  temperature,  but  for  emittance  evaluations, 
ion  temperatures  of  1  eV  were  assumed. 

As  stated  above,  the  existing  LEBT  relies  on  space- 
charge  compensation  for  the  ion  beam  drifting  between  its 
electrostatic  (column)  and  magnetic  parts.  To  simplify  our 
simulation  work  and  significantly  cut  down  on  the  CPU 
times,  we  did  not  calculate  complete  beam  trajectories 
over  the  full  drift  length  but  confined  the  range  of 
calculations  to  the  column  itself,  with  the  implicit 
assumption  that  the  ion  trajectories  remain  straight  after 
passing  the  first  equipotential  on  slightly  negative 
potential  from  the  downstream  side  (the  sign  convention 
here  applies  to  a  positive  ion  beam). 

To  adequately  judge  the  simulation  results,  however, 
trajectories  were  traced  to  the  entrance  plane  of  the  first 
magnetic  solenoid  lens,  300  mm  downstream  of  the 
column  entrance  plane.  Up  to  19  mm  beam  radius  in  this 
plane  was  regarded  as  acceptable.  Once  we  arrived  at  a 
viable  design  we  split  the  simulation  problem  into  two 
parts,  performing  the  calculations  near  the  outlet  electrode 
at  twice  the  resolution  applied  to  the  remaining  part. 

3  NEW  COLUMN  DESIGN 

As  a  first  approach  to  developing  the  new  column,  we 
pursued  the  idea  of  a  “compound  system”  [6]  which  con¬ 
sists  of  a  low-voltage  extraction  gap  followed  by  an 
electrostatic  einzel  lens  and  the  main  gap  that  determines 
the  final  beam  energy.  We  soon  realized,  however,  that 
such  a  system  would  occupy  more  longitudinal  space  than 
the  existing  insulator  could  accommodate  and  therefore 
decided  to  integrate  two  of  the  functions,  i.  e.  those  of 
lens  and  main  gap,  into  one  element  which  is  labeled  as 
‘D’  in  Fig.  1. 

Another  condition  we  imposed  was  to  keep  the 
extractor  electrode,  C,  at  least  as  far  away  from  the  outlet 
electrode  and  the  system  axis  as  the  first  intermediate 
electrode  of  the  existing  column  has  been,  ensuring  that 
the  risk  of  high-voltage  breakdown  caused  by  stray 
particles  coming  from  the  source  is  not  increased  in  the 
new  design.  We  did,  however,  raise  the  voltage  in  the  gap 
between  the  outlet  and  first  intermediate  electrode,  B  and 
C,  because  we  felt  this  voltage  had  been  chosen  with 
extreme  conservatism  and  did  not  by  itself  actually 
contribute  to  sparking. 


1927 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


Fig.  2.  Simulated  beam  in  the  optimized  electrode  configuration.  Electrode  potentials  as  marked  in  this  figure  apply  to  a 
positive  ion  beam.  The  contour  of  the  ground  electrode  on  the  right  has  been  graphically  added  to  the  contours  actually 
used  in  the  IGUN  runs.  The  second  dashed  equipotential  line,  between  the  50-  and  75-kV  electrodes,  marks  the 
transition  surface  for  split  calculations  as  described  in  the  text. 


After  we  gained  some  experience  with  the  intricacies  of 
this  design  we  substantially  modified  the  contour  of  the 
lens,  D,  from  a  cylinder  to  the  bell  shape  shown  in  Fig.  1. 
We  also  shortened  the  length  of  the  ion  trap  electrode,  E, 
because  it  contributes  to  the  path  length  the  ion  beam  has 
to  traverse  under  the  influence  of  its  full  space  charge, 
increasing  its  radial  growth.  This  change  is  not  shown  in 
Fig.  1,  but  rather  in  the  integral  trajectory  plot  in  Fig.  2. 


4  RESULTS 

Emittance  plots  for  the  first  and  second  parts  of  the  optim¬ 
ized  configuration  are  given  in  Fig.  3.  The  first  gap  of  the 
new  column  is  virtually  aberration-free,  whereas  the  main 
gap  produces  a  faint  distortion,  only  visible  in  the  zero- 
temperature  condition. 

After  the  new  electrodes  were  assembled  within  the 
insulator  the  system  could  be  immediately  conditioned  to 
the  design  voltage  of  80  kV  [7]. 
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Fig.  3.  Emittance  plots  for  the  optimized  configuration. 
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Abstract 

The  Low-Energy  Demonstration  Accelerator  (LEDA) 
injector  is  designed  to  provide  75-keV,  1 10-mA,  proton 
beams  for  the  LEDA  RFQ.  After  testing  the  LEDA 
injector  using  a  1.25-MeV,  CW  RFQ,  we  shortened  the 
low-energy  beam  transport  (LEBT)  to  2.69  m,  replaced 
the  first  LEBT  solenoid  with  one  that  has  a  shorter  length 
but  the  same  focusing  power,  and  installed  and  operated 
the  LEDA  injector  in  the  beam  tunnel.  In  this  paper  we 
use  the  TRACE,  SCHAR,  and  PARMELA  computer 
codes  to  model  the  proton  beam  for  the  as-installed  LEBT 
and  we  compare  the  results  of  these  simulations  with  the 
LEBT  beam  measurements.  We  use  the  computer  code 
PARMTEQM  to  transport  the  SCHAR-  and  PARMELA- 
generated  beams  through  the  RFQ  so  that  we  can 
compare  the  predicted  RFQ  performance  with  the 
measured  RFQ  performance.  For  a  100-mA,  0.239-n- 
mm-mrad  input  beam,  PARMTEQM  predicts  the  LEDA 
RFQ  transmission  will  be  92.2%. 

1  INTRODUCTION 

The  LEDA  injector  [1]  was  tested  under  operating  con¬ 
ditions  by  altering  the  ion-source  extraction  system  from 
a  tetrode  at  75  keV  to  a  triode  at  50  keV  [2]  and  injecting 
the  hydrogen  beam  into  a  1.25-MeV,  CW  RFQ  [3].  The 
LEDA  microwave-driven  source  beam  (50  keV,  70-100 
mA,  =  90%  H+  fraction)  was  matched  to  that  RFQ  using 
the  two-solenoid,  gas-neutralized  low-energy  beam 
transport  (LEBT)  [4]  described  in  Ref.  [2],  Two  steering- 
magnet  pairs  provided  the  desired  beam  centroid  position 
and  angle  at  the  RFQ  match  point.  Beam  neutralization 
of  95-99%  occurred  in  the  LEBT  residual  hydrogen  gas 
[5].  The  RFQ  accelerated  the  beam  to  1.25  MeV  and  a 
simple  HEBT  transported  that  beam  to  a  beamstop.  The 
RFQ  transmission  and  spatial  profiles  were  measured  as  a 
function  of  injected  current  and  LEBT  solenoid 
excitations  [2],  The  expected  beam  performance  was 
calculated  using  the  computer  codes  TRACE  [6]  and 
SCHAR  [7]  to  model  the  LEBT  [8],  PARMTEQM  [9]  to 
model  the  RFQ,  and  PARMELA  [10]  to  model  the 
HEBT.  Excellent  agreement  between  the  simulations  and 
the  measurements  was  obtained  (see  Table  2  of  [1 1]). 
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The  LEDA  injector  is  now  installed  in  the  beam  tunnel 
[12]  and  connected  to  the  LEDA  RFQ  [13].  Low-current, 
pulsed-beam  commissioning  of  this  6.7-MeV  RFQ  has 
commenced  [14,  15].  Changes  in  the  LEBT  since  the 
work  reported  in  [11]  include  reconfiguration  of  the  ion- 
source  extraction  system  to  a  tetrode  at  75  keV  and 
replacement  of  the  first  LEBT  solenoid  with  one  that  has 
a  shorter  length  but  the  same  focusing  power. 

Ultimately  we  will  compare  the  beam  measurements  with 
simulations  of  the  LEDA  LEBT,  RFQ,  and  HEBT.  In 
this  paper  we  report  the  first  step  toward  obtaining  these 
end-to-end  simulations  —  comparison  of  the  as-installed 
LEDA  LEBT  measurements  with  simulations.  We  also 
report  predictions  for  the  RFQ  transmission  using  the 
simulated  beam  as  input.  Our  procedure  is  as  follows. 
The  hydrogen  beam  is  first  characterized  using  the 
Emittance-Measuring  Unit  (EMU),  Fig.  1 .  We  use  these 
results  and  the  TRACE  code  to  get  the  input  parameters 
for  the  SCHAR  code.  We  iterate  on  the  input  parameters 
until  SCHAR  reproduces  the  measured  phase  space. 
Then  the  LEBT  beam  line,  from  the  extractor  to  the  RFQ 
match  point  (Fig.  1),  is  simulated  and  the  resulting 
SCHAR-generated  beam  is  transported  through  the  RFQ 
using  PARMTEQM  to  predict  the  RFQ  performance.  A 
preliminary  study  of  the  LEDA  LEBT  is  reported  in  [8], 

2  INPUT  PARAMETERS 

The  input  H+  beam  parameters  are  determined  from 
phase-space  measurements  of  the  LEDA  injector  beam 


Vim  Sam  1  Vim  Scram  2  BFQ  Hatch  Point 


Fig.  1.  The  LEDA  injector  with  the  EMU.  The  positions  of  the  RFQ 
match  point,  and  the  beam-line  components,  are  indicated  and 
discussed  in  the  text. 
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Fig.  2.  The  SCHAR-calculated  phase  space  (crosses)  at  the  EMU  for 
the  100-mA  H*  beam  in  the  LEDA  LEBT  (Fig.  1).  The  solid  line  is  the 
10%  phase-space  contour  measured  with  the  EMU. 
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using  the  EMU  (Fig.  1).  Beams  with  50-,  80-,  and  111- 
mA  total  current  are  characterized  using  the  EMU. 
Assuming  the  proton  fraction  is  =  90%,  the  resulting  H+ 
currents  are  45-,  72-,  and  100  mA,  respectively.  Using 
TRACE  [6],  with  the  rms  normalized  emittance  eN  and 
Twiss  parameters  a  and  (3  at  10%  threshold  as  input,  the 
beam  is  drifted  back  along  the  LEBT,  3.28  m  from  the 
front  slit  of  the  EMU  to  the  ion  source,  as  a  function  of 
the  un-neutralized  current.  The  un-neutralized  current  that 
gives  the  predicted  H+  beam  size  closest  to  that  of  the 
8.6-mm-diam  ion  source  emitter  is  noted,  and  the 
resulting  a  and  p,  as  well  as  eN,  are  used  as  input  to  the 
first  round  of  the  SCHAR  simulations. 

3  LEDA  LEBT  SCHAR  SIMULATIONS 

The  LEBT,  in  both  the  EMU  and  the  RFQ  configuration, 
is  simulated  with  the  non-linear  space-charge  computer 
code  SCHAR.  These  simulations  use  a  4-volume 
distribution  and  the  line  mode  with  999  lines.  The  LEBT 
dimensions  are  extractor  to  solenoid  1,  87.7  cm;  solenoid 
1  to  solenoid  2,  140.4  cm;  solenoid  2  to  EMU,  100.1 
cm;  and  solenoid  2  to  RFQ  match  point,  40.7  cm  (Fig. 
1).  Beam  neutralizations  of  95-99%  are  used  [5], 
depending  upon  the  results  of  the  TRACE-backs.  In  all 
cases  SCHAR  predicts  no  proton  beam  loss  in  the  LEBT. 

SCHAR  Input  Parameter  Determination 

Using  the  TRACE  parameters  as  SCHAR*  [7]  input, 
and  scaling  them  using  anew  =  aold[eold/enew]  and  pnew  = 
Poid[£oi</enew]>  gives  the  measured  eN  at  the  EMU  to 
within  0.1%,  usually  within  two  iterations.  The  resulting 
SCHAR-predicted  input  beams  (Table  1)  have  eN  lower 
than  that  measured  at  the  EMU  because  of  predicted 
emittance  growth  in  the  LEBT  transport  (primarily 
arising  from  aberrations  in  the  LEBT  solenoid  lenses). 
When  SCHAR  transports  the  beam  parameters  in  Table  1 
3.28  m  through  the  LEBT,  the  approximate  phase-space 
shapes  at  the  10%  contour  and  beam  profiles  at  the  video 

Table  1.  SCHAR  input  H+  beam  parameters  for  the  three 
input  beams.  For  these  cases,  v0  =  3.790  x  106  m/s. 


V 

(mA) 

r12 

xmM 

(mm) 

>< 

3  1 

t/i 

leff 

(mA) 

(n  mm  mrad) 

45 

0.8027 

2.394 

13.13 

0.5 

0.1032 

72 

-0.2288 

5.124 

6.137 

2.0 

0.1714 

100 

-0.2701 

5.171 

7.049 

5.5 

0.1955 

*  v0=  [2E/mpc2]1,2c,  r12=-cc/[l+a2]1'2,  xmax=[PE(6rms)]1'2,  vxmax  = 
[7E(6rms)]1/2v0 


Fig.  3.  Profile  for  the  100-mA  H+  beam  152.6  cm  from  the  source 
measured  with  a  video  camera  (line)  and  predicted  by  SCHAR 
(squares). 

diagnostics  are  reproduced.  The  agreement  between  the 
SCHAR-predicted  phase  space  at  the  EMU  and  the 
measured  phase  space  is  shown  in  Fig.  2  for  the  100-mA 
H+  input  beam.  The  agreement  between  the  SCHAR 
prediction  and  the  videocamera  data  42.2  cm  from  the 
source  (VD1  in  Fig.  1)  is  typically  good  at  moderate 
microwave  power  levels  (Fig.  2  of  Ref.  11)  and  poor  at 
high  microwave  power  levels  (Fig.  5  of  Ref.  11).  The 
agreement  between  the  SCHAR  prediction  and  the 
videocamera  data  152.6  cm  from  the  source  (VD2  in  Fig. 
1)  is  usually  good  (example  for  the  100-mA  H+  beam  is 
shown  in  Fig.  3).  The  centroid  and  amplitude  of  the 
videocamera  data  in  Fig.  3  have  been  normalized  to 
display  the  match  to  the  SCHAR-predicted  profile. 

SCHAR  Simulations  of  the  LEDA  LEBT 

Using  the  input  data  from  Table  1 ,  SCHAR  is  used  to 
predict  the  best  match  to  the  RFQ  for  the  2.69-m-long 
LEBT.  The  sample  in  Fig.  4  is  for  the  100-mA  input 
beam  with  Bsol ,  =  3052  G  and  B^,  2  =  3650  G,  giving  eN 
=  0.238  7t  mm  mrad  at  the  RFQ  match  point.  Our 
previous  experience  [1 1]  is  that  the  actual  Bffi) ,  setting  is 
close  to  the  SCHAR  prediction  whereas  the  actual  Bso,  2 
setting  is  10%  higher  than  the  SCHAR  prediction.  The 
Bso)  2  setting  is  underestimated  because  of  the  absence  in 
the  SCHAR  model  of  the  un-neutralized  section  of  beam 
transport  just  in  front  of  the  RFQ.  Most  of  the  SCHAR- 
calculated  emittance  growth  is  due  to  spherical  aberrations 
in  solenoid  #1  and  solenoid  #2  (Table  2).  SCHAR 
predicts  that  the  non-linear,  space-charge-induced 
emittance  growth  in  the  LEBT  is  low  compared  to  the 


X,  mm 

Fig.  4.  SCHAR-calculated  phase  space  (crosses)  at  the  RFQ  match 
point  for  the  100-mA  input  beam.  The  curve  is  the  RFQ  acceptance 
for  1 10  mA  and  0.02  it  cm  mrad. 
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overall  emittance  growth  —  2.1%  vs.  57.2%  for  the  45- 
mA  beam,  1.4%  vs.  13.7%  for  the  72-mA  beam,  and 
3.7%  vs.  21.7%  for  the  100-mA  beam. 

4  LEDA  RFQ  PARMTEQM  SIMULATIONS 

The  SCHAR  output  files  are  used  to  generate  5,000 
particle  input  beams  for  the  PARMTEQM  computer  code 
to  calculate  the  RFQ  transmission  and  output  eN.  The 
proton  fraction  can  be  as  high  as  95%  [16],  but  typical 
values  are  -90%.  We  use  the  measured  DC2  [DC2  is  a 
dc  parametric  current  transformer]  current  (Fig.  1), 
multiplied  by  0.9,  for  the  PARMTEQM  input  current. 
The  result  for  the  100  mA  beam  (111  mA  at  DC2)  is 
transmission  =  92.2%  and  output  eN  =  0.232  n  mm  mrad 
(Fig.  5,  Table  2)  at  the  design  RFQ  intervane  voltage. 
The  predicted  LEDA  RFQ  transmissions  and  output  beam 
emittances  for  the  other  input  beam  currents  are  given  in 
Table  2. 


5  DISCUSSION 

There  is  good  overall  agreement  between  the  simulation 
for  100  mA  reported  here  and  that  for  1 10  mA  reported  in 
Ref.  [8],  This  is  striking  because  the  input  parameters  for 
the  simulations  in  [8]  were  obtained  for  a  prototype 
LEBT  in  which  the  two  solenoid  magnets  were  placed 
next  to  each  other,  with  no  separation  (see  Fig.  3  of  Ref. 
1).  The  large  emittance  growth  in  solenoid  #1  for  the  45- 
mA  beam  (Table  2)  arises  from  the  large  divergence  of 
the  45-  mA  beam  from  the  ion  source  extraction  system. 
This  extraction  system  is  designed  for  110-mA  H+  beams 
—  at  50  mA  there  is  a  large  perveance  mismatch,  with  a 
cross-over  in  the  extraction  gap.  This  accounts  for  the 
large  divergence,  and  small  beam  size,  for  the  45-mA  case 
(Table  1). 


In  the  initial  LEDA  accelerator  commissioning  stage,  we 
are  injecting  pulsed  low-current  (10-20  mA),  low-duty- 
factor  (-1%)  beams  into  the  RFQ  to  allow  us  to  gain 
understanding  of  the  system  operation  without  damaging 
components.  To  produce  these  low-current  pulsed  beams, 
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Fig.  5.  PARMTEQM-calculated  RFQ  input  (top)  and  output  (bottom) 
phase  space  for  the  100-mA  beam. 


Table  2.  Results  of  the  LEDA  LEBT  and  RFQ  simula¬ 
tions  with  SCHAR  and  PARMTEQM,  respectively. 
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we  have  installed  a  5.0-mm-diam  aperture  in  place  of  the 
8.6-mm-diam  aperture  used  for  the  measurements  and 
simulations  reported  in  this  paper.  Also,  a  variable  beam 
iris  has  been  installed  just  in  front  of  solenoid  #1.  In  our 
initial  tests,  40  mA  of  hydrogen  ions  are  extracted  from 
the  source,  and  the  iris  used  to  aperture  out  50-75%  of  the 
beam  current.  We  simulated  the  low-current  beams  from 
the  5-mm-diam  emission-aperture  based  extraction  system 
with  PARMELA  [10].  Using  the  PARMELA  LEBT 
results  as  input  to  PARMTEQM,  we  find  good 
agreement  between  the  PARMTEQM  RFQ  simulations 
and  the  initial  RFQ  measurements  [14].  After  we  have 
demonstrated  good  operation  of  the  RFQ  with  the  5-mm- 
diam  extraction  system  at  its  full  current  (-50  mA),  we 
will  install  the  8.6-mm-diam  extraction  system  to  test 
the  LEDA  RFQ  up  to  its  full  design  current  of  100  mA. 

REFERENCES 

[1]  J.  Sherman  etal.,  “Status  Report  on  a  dc  130-mA,  75-keV  Proton 
Injector,”  Rev.  Sci.  Instrum.  69  (1998)  1003-1008. 

[2]  J.  Sherman  el  al.,  “Development  and  Test  Results  of  the  Low- 
Energy  Demonstration  Accelerator  (LEDA)  Proton  Injector  on  a 
1.25-MeV  CW  Radio  Frequency  Quadrupole,”  Proc.  1998 
LINAC  Conf.  [Chicago,  24-28  August  1998]  (in  press). 

[3]  G.  M.  Arbique  et  al.,  “Beam  Parameter  Measurements  on  the  CW 
RFQ1-1250  Accelerator,”  Proc.  1992  LINAC  Conf.  (AECL- 
10728,  November,  1992)  55-57. 

[4]  R.  R.  Stevens,  Jr.,  “High-Current  Negative-Ion  Beam  Transport,” 
AIP  Conf.  Proc.  No.  287  (1994)  646-655. 

[5]  R.  Ferdinand,  et  al.,  “Space-Charge  Neutralization  Measurement 
of  a  75-keV,  130-mA  Hydrogen-Ion  Beam,”  Proc.  PAC97 
(Vancouver,  12-16  May  1997)  2723-5. 

[6]  K.  R.  Crandall  “TRACE:  An  Interactive  Beam-Transport 
Program,”  Los  Alamos  Scientific  Laboratory  report  LA-5332 
(October,  1973). 

[7]  R.  J.  Hayden  and  M.  J.  Jakobson,  “The  Space-Charge  Computer 
Program  SCHAR,”  IEEE  Trans.  Nucl.  Sci.  NS-30  (1983)  2540-2. 

[8]  H.  V.  Smith,  Jr.  et  al.,  “Simulations  of  the  LEDA  LEBT  H+ 
Beam,”  Proc.  PAC97  (Vancouver,  12-16  May  1997)  2746-8. 

[9]  K.  R.  Crandall  et  al.,  "RFQ  Design  Codes,”  Los  Alamos  National 
Laboratory  report  LA-UR-96-1836  (revised  February  12,  1997). 

[10]  L.  M.  Young,  “PARMELA,”  Los  Alamos  National 
Laboratory  report  LA-UR-96-1835  (revised  May  11,  1998). 

[11]  H.  V.  Smith,  Jr.,  et  al.,  “Comparison  of  Beam  Simulations  With 
Measurements  for  a  1.25-MeV,  CW  RFQ,”  Proc.  1998  LINAC 
Conf.  [Chicago,  24-28  August  1998]  (in  press). 

[12]  H.  V.  Smith,  Jr.  and  J.  D.  Schneider,  “Status  Update  on  the  Low- 
Energy  Demonstration  Accelerator  (LEDA),”  Proc.  1998 
LINAC  Conf.  [Chicago,  24-28  August  1998]  (in  press). 

[13]  D.  Schrage  etal.,  “CW  RFQ  Fabrication  and  Engineering,”  Proc. 
1998  LINAC  Conf.  [Chicago,  24-28  August  1998]  (in  press). 

[14]  K.  F.  Johnson  etal.,  “Commissioning  of  the  Low-Energy  Demon¬ 
stration  Accelerator  (LEDA)  Radio-Frequency  Quadrupole 
(RFQ),”  this  conf. 

[15]  J.  D.  Schneider,  “Operation  of  the  Low-Energy  Demonstration 
Accelerator:  the  Proton  Injector  for  APT,”  this  conf. 

[16]  J.  H.  Kamperschroer  et  al.,  “Doppler-shift  Proton  Fraction 
Measurement  on  a  CW  Proton  Injector,”  Proc.  1998  LINAC 
Conf.  [Chicago,  24-28  August  1998]  (in  press). 


1931 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


MULTIBEAM  RF  ION  SOURCE  WITH  GROUNDED  RF  GENERATOR 
FOR  HIGH  CURRENT  ACCELERATORS  AND  NEUTRON 

GENERATORS 

B.  Bogdanovitch1.  N.  Gavrilov,  V.  Zubovsky,  A.  Nesterovitch, 

S.  Ostrikov,  S.  Stepanov,  MEPhI,  Moscow,  Russia 


Abstract 

A  multibeam  RF  ion  source  with  grounded  meter  range 
RF  generator  was  developed  and  experienced  in  MEPhI 
[1],  The  source,  besides  direct  assignment,  can  be  used 
for  the  ion  implantation,  for  manufacture  of  solar  batteries 
etc.  For  example,  during  a  target  irradiation  in  neutron 
generators  with  a  deuton  beam,  target  longevity 
essentially  (in  some  times)  increases  due  to  dispersion 
uniformity  rising. 


1.  SOURCE  DESIGN 

The  scheme  of  source  design  is  shown  on  Figure  1. 
The  facility  consists  of  the  vacuum  container  1  and  a 
cylindrical  A/2  spiral  loaded  RF  resonator  2  mounted  on 
insulator  3  by  means  of  holder  4.  The  resonator  operating 
frequency  is  defined  by  the  spiral  length  and  can  be 
chosen  in  (35-*- 150)  MHz  range.  High  voltage  on 
resonator  makes  up  to  130  kV.  The  dielectric  (quartz 
glass)  cylindrical  discharge  chamber  5  with  a  diameter  of 
45  mm  and  length  of  60  mm  is  placed  inside  the  spiral. 

An  ions  are  extracting  from  plasma  through  the 
holes  in  extracting  electrode  6  which  is  fixed  by  means  of 
insulator  7  to  holder  4.  High  voltage  is  supplied  to 
resonator  and  extraction  electrode  through  partition 
insulator  8.  The  difference  between  resonator  UR  and 
electrode  6  Ue  potentials  makes  extraction  voltage  Uexlr. 

To  rise  plasma  density  a  ring-shaped  permanent  magnet 
9  is  placed  inside  of  resonator  and  holes  in  electrode  6  are 
supplied  with  special  insets,  which  are  fabricated  from 
magnetic  steel.  All  another  metallic  elements  of  source 
are  fabricated  from  nonmagnetic  materials  (stainless  steel 
and  copper).  Beam  parameters  measurement  were 
performed  by  means  of  beam  control  system  10. 

Distinctive  features  of  the  source  design  are  insulated 
RF  power  input  unit  11  and  system  of  working  gas 
fillingl2  into  the  chamber.  In  this  case  RF  generator  has  a 
potential  of  ground,  that  allows  to  simplify  the  generator 
and  gas  filling  system  design  and  to  increase  RF  power  in 
the  resonator  up  to  some  tens  of  kW.  Use  of  the  resonator 
provides  practically  complete  absorption  of  RF  power  by 
plasma,  increasing  a  degree  of  its  ionisation  and  density. 


Figure  1  :  The  scheme  of  source  design  (  see  text ) 

An  insulated  RF  power  input  unit  1 1  constitute  coaxial 
design  with  circle  coupling  loop  at  the  end. 

A  system  of  working  gas  filling  12  is  fabricated  from 
Teflon  pipe.  It’s  length  was  chosen  proceeding  from  the 
highest  electrical  strength. 

An  insulator  3  divides  vacuum  container  1  into  two 
independent  vacuum  compartments.  At  the  back  section 
(with  resonator)  working  vacuum  is  not  worse  than  Iff4 
Pa,  and  in  the  forward  section  -  not  worse  than  10 2  Pa. 
The  pumping  of  sections  is  carried  out  by  means  of 
sputter-ion  pump  and  turbo-pump  correspondingly.  At  the 
stage  of  preliminary  pumping  pass-by  system  13  is  used. 
Main  units  of  source  have  following  sizes: 
resonator:  diameter  - 170  mm,  length  -  260  mm; 
container:  diameter  -  520  mm,  length  -  500  mm. 
Container  is  installed  on  the  turbo  pump  module  with 
sizes  lm  x  lm  x  lm. 
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2  EXPERIMENTAL  RESULTS 

In  experiments  the  extracting  electrode  had  6  holes  with 
a  diameter  of  2  mm  placed  over  the  circle  with  a  diameter 
of  30  mm  and  1  hole  at  centre.  The  following  results  were 
obtained.  In  a  continuous  mode:  ion  energy  (defined  by 
resonator  potential)  WH+  =  7  kV,  extraction  voltage  Uextr 
=  5  kV,  ion  current  Ih+  =  5mA.  In  a  pulse  mode:  WH+=  70 
kV,  Uextr  =  3  kV,  IH+  =  40  mA.  Working  gas  was 
hydrogen,  particles  -  If1'  ions.  The  average  RF  power 
level  in  resonator  was  about  70  W  in  both  cases 
(continious  RF  generator  was  used).  In  comparison  with 
similar  devices  RF  ion  source  developed  has  the 
increased  durability,  gas  profitability  and  power 
efficiency[2]. 
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TIME  DEPENDENT  BEAM  FOCUSING  AT  THE  DARHT-II  INJECTOR 

DIODE 
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Abstract 

The  injector  for  the  second  axis  of  the  Dual-Axis 
Radiographic  Hydrotest  Facility  (DARHT)  is  being 
designed  and  constructed  at  LBNL.  The  injector  consists  of 
a  single  gap  diode  extracting  2| l  s,  2kA,3.2  MeV  electron 
beam  from  a  6.5  inches  diameter  thermionic  dispenser 
cathode.  The  injector  is  powered  through  a  ceramic 
column  by  a  Marx  generator.  We  also  investigated  the 
possibility  of  extracting  a  beam  current  of  4  kA. 

The  focusing  system  for  the  electron  beam  consists 
of  a  Pierce  electrostatic  focusing  electrode  at  the  cathode 
and  three  solenoidal  focusing  magnets  positioned  between 
the  anode  and  induction  accelerator  input.  The  off-energy 
components  (beam-head)during  the  400  ns  energy  rise 
time  are  over  focused,  leading  to  beam  envelope  mismatch 
and  growth  resulting  in  the  possibility  of  beam  hitting  the 
accelerator  tube  wall  s. 

The  anode  focusing  magnets  can  be  tuned  to  avoid 
the  beam  spill  in  the  2kA  case.  To  allow  beam-head 
control  for  the  4kA  case  we  are  considering  the 
introduction  of  time-varying  magnetic  focusing  field  along 
the  accelerator  axis  generated  by  a  single-loop  solenoid 
magnet  positioned  in  the  anode  beam  tube. 

We  will  present  the  beam-head  dynamics  calculations 
as  well  as  the  solenoid  design  and  preliminary  feasibility 
test  results. 


1  INTRODUCTION 

A  high  voltage,  high  current,  long  pulse  and  high 
quality  electron  beam  injector  for  a  linear  induction 
accelerator  for  flash-radiography  applications  is  being 
developed  at  LBNL  for  the  second  axis  of  the  Dual-Axis 
Radiographic  Hydrotest  Facility  (DARHT).  The  injector 
conceptual  design  is  based  on  LBNL  Heavy  Ion  Fusion 
Injector  technology  [1],  and  beam  dynamics  simulations. 
Figure  1  shows  the  main  components  of  the  3.2  MV 
electrostatic  injector  assembly.  The  injector  is  driven  by  a 
Marx  pulse  generator.  The  Marx  output  pulse  is  fed 
through  a  3.2MV  insulating  graded  (ceramic)  column  into 
the  beam  diode. 

2  THE  3.2  MV  ELECTRON  DIODE 

The  electron  beam  is  generated  in  a  3.2  MV  diode.  It 
consists  of  a  thermionic  source  surrounded  by  a  Pierce 
electrode  and  focused  by  three  solenoids  located  at  the 
anode.  A  bucking  coil  is  placed  close  to  the  source  to  zero 
the  axial  magnetic  field  in  order  to  minimize  the  initial 
canonical  angular  momentum  of  the  beam;  outside  the 
magnetic  field  this  canonical  angular  momentum  would  be 
transformed  into  beam  emittance. 


Figure:  1  Main  components  of  a  3.2  MV  electrostatic 
injector. 


The  beam  dynamics  inside  the  diode  has  been  studied 
using  the  electron  trajectory  computer  code  EGUN  [2], 
Figure  2  shows  the  electron  beam  envelope  and  field 
equipotential  lines  as  calculated  by  EGUN  for  the  3.2  MV 
case. 

In  order  to  have  a  reliable  machine  the  diode  design  has 
to  minimize  breakdown  risks.  This  requirement  translates 
into  a  design  with  maximum  current  extraction  for  a  given 
maximum  field  stress.  From  final  focus  requirements  at 
the  end  of  the  machine,  the  beam  quality  has  to  be 
controlled  and  the  normalized  emittance  be  maintained 
under  1000  pi-mm-mr. 

For  a  given  field  stress  limit,  maximum  current 
extraction  is  obtained  from  cathodes  surrounded  by  a  flat 
shroud  as  compared  to  diodes  incorporating  Pierce 
electrodes.  On  the  other  hand,  the  beam  quality  is  better 
controlled  by  a  Pierce  electrode;  flat  shrouds  produce 
hollow  beams  whose  normalized  emittance  grow  as  being 
transported  and  accelerated  along  the  induction  linac.  A 
compromise  between  the  two  conflicting  requirements  is 
to  design  the  diode  with  a  Pierce  electrode  assuming  the 
maximum  voltage  holding  capability  that  can  be  obtained 
using  special  surface  handling  procedures. 
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For  the  2  kA  case,  this  peak  field  is  around  120 
kV/cm  on  the  cathode  side  of  the  diode  and  around  150 
kV/cm  on  the  anode  side.  For  the  4  kA  case  the  peak  field 
is  around  165  kV/cm  on  the  cathode  side  of  the  diode  and 
above  200  kV/cm  on  the  anode  side.  For  these  designs  the 
emittance  at  the  end  of  the  diode  is  under  1000  pi-mm-mr 
as  calculated  by  EGUN. 


Figure:  2  Electron  beam  envelope  and  field  equipotential 
lines  as  calculated  by  EGUN.. 

3  BEAM  DYNAMICS  IN  THE  INJECTOR 

A  two-dimensional  particle-in-cell  (PIC)  slice  (x-y) 
code  [4]  has  been  used  to  study  the  transverse  beam 
dynamics  of  the  electron  beam  generated  at  the  diode  as  it 
is  transported  and  accelerated  along  the  first  induction- 
accelerator  section.  This'  section  consists  of  8induction 
cells  each  providing  200  kV  of  acceleration.  Each  cell 
contains  a  solenoid  used  to  focus  the  electron  beam. 

Figure  3shows  the  beam  envelope  for  various  off- 
energy  components  (beam-head)during  the  400  ns  energy 
rise  time  for  the  2  kA  case.  The  magnetic  tune  was  chosen 
to  confine  the  beam  envelope  within  60%  of  the  aperture 
thus  avoiding  beam  spillage  on  the  pipe.  Calculation  for 
the  4  kA  case  show  containment  of  the  beam-head  within 
90%  of  the  aperture  leading  to  a  possibility  of  beam 
spillage.  To  reduce  the  risk  of  beam  spillage,  we  are 
considering  shaping  the  focusing  field  during  the  beam 
rise  time  by  using  a  time-dependent  magnetic  field. 


Figure:  3  EGUN  simulation  of  the  electron  beam  from 
source  to  the  end  of  the  first  acceleration  section  (7  cells) 


4  TIME-VARYING  MAGNETIC 
FIELD  SOLENOID 

The  additional  focusing  field,  Bz(t),  for  the  4kA  case, 

is  applied  during  the  beam  rise-time  (400ns)  to  contain  the 
beam  envelope  at  lower  energies  and  eliminate  beam 
spillage.  The  required  Bz(t)  field  profile  goes  down  from 
around  400  Gauss  to  0  Gauss  within  400ns, overlapping 
the  beam  rise  time. 


Figure:  4  Bz(t)  solenoid  driver  schematics. 


The  solenoid  that  generates  the  time-varying  field, 
which  consists  of  a  single  loop  coil  10.5"  in  diameter,  is 
placed  in  the  beam  tube  under  the  anode  shroud.  The 
solenoid  is  driven  by  a  simple  6kA,  lp.  s  half  sine  wave 
current  pulse.  The  solenoid  driver  (Figure  4)  consists  of  an 
L  Cringing-discharge  circuit.  An  up  to  30kV  spark  gap 
switch  is  tumed-on  at  600ns  before  the  beam  turn-on 
time.  The  current  waveform  (Figure  5)  will  be  limited  to  a 
half  cycle,  so  that  it  will  not  interfere  with  the  main  body 
of  the  beam,  by  using  high  current  (1.5kA)  ,  high  voltage 
(lOkV)  semiconductor  diodes.  We  measured  the  effect  of 
the  beam  tube  walls  on  the  Bz(t)  for  various  solenoid 

diameters.  Following  the  measurements  results  we  limited 
the  solenoid  diameter  to  60%  of  the  beam  tube  diameter 
where  the  tube  wall  effect  on  Bz(t)  is  negligible. 
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Figure:  5  Waveform  of  the  3kA  current  (bottom  curve) 


driving  the  time-varying  solenoid. 

5  DIODE  DESIGN  SUPPORT 
EXPERIMENTS 

Scaled  experiments  are  under  construction  to  support 
the  DARHT-II  injector  design. 

The  LBNL  RTA  1MV,  lkA,  300  ns  injector[3] 
diode  configuration  allows  the  extraction  of  a  high  quality, 
high  density  beam.  The  injector  AK  gap,  cathode  shroud 
material  and  shape  were  designed  to  allow  the  study  of 
vacuum  breakdown  issues  in  the  diode  in  the  presence  of  a 
beam. 

The  RTA  thermionic  source  heat  management  and 
support  stability  were  tested.  Thermocouples  can  be  placed 
along  the  source  support  to  map  the  temperature  and 
evaluate  flow  in  the  cathode  assembly.  Furthermore  the 
gap  between  the  source  and  cathode  shroud  was  monitored 
during  the  source  heating  experiment.  This  gap  has  to  be 
small  (<.5mm)  to  insure  a  high  quality  beam.  Initial 
measurements  using  a  hot  wire  pyrometer,  performed  on 
the  RTA  3.5"  diameter  source  at  a  cathode  surface 

temperature  of  1060  °C  showed  a  temperature  uniformity 

within  5°C.  A  temperature  of  30°  C  was  measured  using 
a  thermocouple  at  the  cathode  assembly  input  flange 
showing  a  good  heat  management.  A  gap  around  24  mils 
between  the  source  surface  and  the  cathode  shroud  was 
observed  using  a  survey  telescope  looking  at  the  source 
through  a  front  window. 

Initial  breakdown  experiments  were  performed  with  a 
long  duration  (8  p.s  discharge  time  constant)  200  kV,  0.5 
kJ  pulser.  Using  machine-polished  stainless  steel, 
molybdenum  and  copper  electrodes  we  measured 
breakdown  fields  above  400  kV/cm  in  a  3  mm  gap.  Figure 
3shows  that  the  breakdown  field  is  independent  on  vacuum 
pressure  within  a  range  of  10-(8)  to  10-(4)  Torr.  We 
observed  more  damage  on  the  copper  and  stainless  steel 
electrodes  and  no  difference  in  the  breakdown  voltage 
between  stainless  steel,  copper  and  molybdenumelectrodes. 
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Figure:  6  Breakdown  field  dependence  on  vacuum  pressure 
and  electrode  material. 
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Abstract 

In  a  typical  heavy  ion  fusion  driver  design,  the  induction 
linac  requires  a  multiple  beam  injector.  We  present  a 
conceptual  design  for  an  84-beam  injector  system  with 
each  beam  channel  carrying  0.5  A  of  beam  current.  Each 
channel  starts  with  a  10-cm  diameter  surface  ionization 
source  followed  by  a  1.7  MV  electrostatic  Einzel  lens-type 
preaccelerator  and  an  electrostatic  quadrupole  (ESQ) 
matching  section.  The  preaccelerator  and  matching 
section  are  0.7  m  and  5.0  m  long  respectively.  The  array 
has  an  overall  diameter  of  3.0  m  at  the  ion  source  end  and 
1.0  m  diameter  at  the  exit. 

1  INTRODUCTION 

For  heavy  ion  driven  inertial  fusion,  the  primary  approach 
in  the  US  is  the  induction  linac  [1],  Typical  beam  energy 
delivered  to  the  target  is  ~5  MJ  with  a  pulse  length  of  - 
10  ns  and  a  particle  kinetic  energy  -5-10  GeV.  Thus  the 
total  beam  charge  is  -  0.5- 1.0  mC.  This  beam  charge  is 
supplied  by  the  injector,  although  the  pulse  length  here  is 
typically  less  than  20  |xs  long,  based  on  the  volt-sec 
limitation  of  the  induction  cores.  The  total  beam  current 
output  from  the  injector  is  therefore  expected  to  be  in  the 
order  of  50  A.  Typical  ions  of  interest  are  those  of  Bi, 
Pb,  Hg,  Cs,  Xe,  Rb,  K,  Ar,  and  Ne,  generally  singly 
charged,  but  higher  charge  states  are  also  of  interest  in 
some  driver  designs.  Some  lighter  ions  such  as  K,  Ar  and 
Ne  are  included  because  at  the  early  stages  of  driver 
development  they  provide  an  opportunity  to  do 
experiments  at  driver-scale  ion  velocities  on  a  medium 
length  accelerator  facility. 

There  are  two  main  reasons  for  producing  the  50  A 
beam  current  using  many  beams  of  smaller  current  (e.g., 
less  than  1  A  each).  First,  multiple  beams  provide  better 
target  illumination  symmetry.  This  is  an  important 
requirement  for  high  gain  direct-drive  targets.  Second, 
heavy  ion  beams  have  significant  space-charge  effects,  so 
the  current  per  beam  is  limited  by  the  focusing 
capabilities  of  the  beam  extraction  and  transport  systems. 
Our  goal  is  to  design  an  injector  that  will  produce  an  array 
of  parallel  beams  feeding  into  the  channels  of  a  multiple- 
beam  induction  linac. 


*  This  work  is  supported  by  the  Office  of  Fusion  Energy 
Science,  US  DOE  under  contract  No.  DE-AC03-76SF00098 
(LBNL)  and  W-7405-ENG-48  (LLNL). 
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2  OPTIMIZING  CURRENT  DENSITY 

Beam  focussing  in  an  induction  linac  can  be  achieved  by 
using  either  electrostatic  quadrupoles  (ESQ)  or  magnetic 
quadrupoles.  At  the  front  end  where  the  ion  velocity  is 
still  low,  ESQs  are  more  effective  and  economical  than 
magnetic  quadrupoles.  By  considering  the  line  charge 
density  in  ESQ  beam  transport,  one  can  determine  the 
average  beam  current  density  Jave  for  an  array  of  beams 
[2],  For  a  given  total  beam  current,  higher  Jave  means 
smaller  induction  cores  and  therefore  lower  cost. 

Since  the  voltage  spark  down  threshold  scales  favorably 
with  small  ESQs,  the  optimum  Jave  occurs  at  a  point 
when  the  ESQ  size  cannot  be  further  reduced  in  order  to 
allow  enough  beam  clearance  for  possible  electrode 
alignment  and  beam  steering  errors.  For  example,  in  the 
ILSE/Elise  design  [2],  the  ESQs  at  the  beginning  of  the 
induction  linac  (2  MeV  energy)  have  a  bore  radius  of  2.33 
cm  which  corresponds  to  a  conservative  clearance  of  1 .0 
cm.  In  this  case,  the  required  beam  current  in  each  channel 
is  0.8  A  of  K+;  with  an  average  beam  radius  of  1.0  cm, 
and  a  current  density  of  254  mA/cm2  in  the  channel. 
Since  the  ESQ  electrodes  are  round  rods  with  a  radius  8/7 
times  the  bore  radius,  the  current  density  averaged  over  the 
entire  array  is  only  16.5  mA/cm2.  A  more  aggressive 
design  using  smaller  clearance  will  result  in  less  beam 
current  per  channel  but  a  higher  Jave. 

At  first  look,  it  appears  that  the  injector  will  require  an 
array  of  ion  sources  that  can  provide  the  above  JaVe- 
However,  the  actual  critical  component  is  the 
preaccelerator  ion  gun,  which  is  responsible  for 
accelerating  the  beam  to  a  suitable  energy  and  focussing 
the  beam  envelope  before  injecting  into  the  ESQ 
matching  section.  In  our  earlier  attempt  to  design  a  2  MV 
ion  gun  using  the  conventional  Pierce  type  column,  we 
found  that  the  beam  current  was  well  below  0.5  A  at  the 
sparkdown  limit.  There  are  two  ways  to  deal  with  this 
problem:  either  reduce  the  gun  to  a  simple  Pierce  diode  by 
starting  the  ESQ  section  at  a  lower  energy  or  optimize  the 
gun  performance  (by  using  an  accel-decel  scheme)  to  reach 
an  acceptable  current  limit.  The  previous  ILSE/Elise 
injector  was  constructed  according  to  the  first  method.  Its 
750  kV  Pierce  diode  extracted  0.8  A  K+.  Since  the  ESQ 
dimensions  scale  inversely  with  beam  energy  (for  the 
same  current),  Jave  at  the  ESQ  entrance  was  reduced  to 
-1.0  mA/cm2.  In  the  following  sections,  we  present  an 
injector  design  using  the  second  method.  It  is  based  on  a 
1.7  MV  ion  gun  capable  of  transporting  0.5  A  K+  current. 
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3  THE  PREACCELERATOR  AND  ESQ 
MATCHING  SECTION 

According  to  our  past  experience  in  building  the  ILSE 
single  beam  injector  [3],  an  injector  that  allows  each  beam 
to  occupy  an  independent  focussing  channel  and  vacuum 
housing  will  be  unacceptably  large  and  costly.  Therefore 
it  is  essential  to  arrange  multiple  beams  in  an  array  by 
sharing  common  electrodes,  supporting  structures,  power 
supplies  and  vacuum  systems. 

Each  beamline  of  the  multiple-beam  injector  array 
consists  of  a  gun  and  a  matching  section.  Figure  1  shows 
a  schematic  diagram  of  a  single  beamline  at  the  edge  of 
the  array.  The  gun  is  composed  of  a  200  kV  diode 
extracting  500  mA  of  K+  from  a  10-cm  diameter  source 
aperture,  followed  by  an  Einzel  lens  column  that  focuses 
and  accelerates  the  beam  to  1 .7  MV.  The  peak  electric 
field  stress  in  the  gun  is  kept  below  100  kV/cm  to  avoid 
electrical  breakdown.  Under  this  restriction,  a  standard 
Pierce-column  (beam  energy  increases  monotonically) 
cannot  produce  a  converging  beam.  Our  solution  is  to  use 
Einzel  lens  (accel-decel)  to  provide  extra  beam  focusing 
without  exceeding  the  breakdown  limit. 

The  matching  section  will  simultaneously  compress  the 
beam  envelopes  and  transform  a  round  beam  into  an 
elliptical  shape  in  order  to  match  the  alternating-gradient 
(AG)  focusing  lattice  in  the  induction  linac.  As  shown  in 
Fig.  1,  the  ESQ  electrodes  in  the  matching  section 
gradually  decrease  in  size,  thus  a  multiple  beam  array  has 
the  shape  of  a  funnel.  In  order  to  avoid  a  sharp  bend  at  the 
linac,  the  beam  trajectories  are  deflected  by  a  small  angle 
at  each  ESQ  module  in  the  matching  section.  Eventually, 
the  beams  are  brought  together  into  parallel  channels  just 
before  injecting  into  the  downstream  lattice. 

In  an  ideal  quadrupole,  the  transverse  electric  field 
gradient  is  constant  within  the  aperture,  thus  an  off-center 
beam  will  experience  a  combination  of  quadrupole  and 
dipole  fields;  the  dipole  field  will  steer  the  beam  centroid. 
In  most  parts  of  our  design,  the  required  beam 
displacement  is  small  compared  to  the  beam  aperture.  The 
beam  envelope  has  a  maximum  excursion  at  the  2nd 
quadrupole  (Q2),  therefore  the  overall  size  of  the  array  (and 
the  required  bending  angle)  is  dictated  by  the  required  bore 


diameter  at  Q2.  In  the  present  case,  the  ion  guns  are 
straight  and  the  ion  sources  are  separated  by  30.5  cm.  A 
surface  ionization  source  can  meet  the  specifications  in 
beam  current  and  low  emittance  (normalized  edge  £  <  1  pi- 
mm-mr)  [4].  As  long  as  Q2  is  dominating  the  size 
requirement,  higher  Jave  at  the  ion  source  is  not  needed. 
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Figure  2:  Cross  section  view  of  1/4  of  an  84-beam  array. 


Figure  3:  POISSON  field  calculation  of  a  modified  ESQ. 
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3.1  Multiple-beam  array 

The  beamline  on  the  edge  of  the  array  (as  shown  in  figure 
1)  has  an  angle  of  333  mr.  There  is  no  bending  at  the  first 
2  quads  where  the  beam  envelopes  are  large.  Q3  and  Q4 
each  provides  about  33  mr  bending,  while  the  remaining 
angle  is  equally  divided  among  Q5-Q14.  In  bending  the 
beam,  Q3  and  Q4  are  offset  by  ~9  mm  but  the  offset 
gradually  reduces  down  to  1.5  mm  at  the  final  quad. 

One  advantage  of  packing  multiple  beams  in  an  array  is 
to  share  electrodes  between  beams.  However  the  bending 
requirement  complicates  matters  significantly  because 
neighboring  beams  bend  by  different  angles.  In  addition, 
there  is  a  polarity  change  between  adjacent  quadrupoles 
such  that  the  required  offsets  are  in  opposite  directions. 
Figure  2  is  a  cross  section  view  of  1/4  of  the  array  at  the 
4dl  quadrupole  plane.  It  shows  how  the  electrode  surfaces 
need  to  be  altered  (from  a  perfect  circular  pattern)  in  order 
to  bend  the  beams  through  the  desired  arcs. 

A  simple  ESQ  geometry  using  round  rods  has  a  good 
field  aperture  of  nearly  80%  of  the  mechanical  aperture. 
However  here  the  ESQ  electrodes  are  divided  into  4 
sections,  each  facing  a  given  beamlet  and  with  a  fixed 
horizontal  and  vertical  offset.  Figure  3  shows  the  result 
from  POISSON  field  calculation  of  the  worse  case  (ESQ 
at  the  edge  of  the  array).  It  confirms  that  aberrations  are 
introduced  by  the  distortions  in  the  electric  field  structure. 
These  aberrations  reduce  the  effective  aperture  of  the 
quadrupoles  (possibly  by  as  much  as  50%).  Thus  in  order 
to  avoid  introducing  emittance  growth,  we  may  consider 
lengthening  the  ESQ  section  or  enlarging  the  ESQ  array 
transversely. 

Figure  4  is  a  drawing  of  an  ESQ  electrode.  Typically 
the  surfaces  are  at  a  slight  angle,  -2°  with  respect  to  the 
electrode  axis,  in  order  to  produce  the  funneling  effect.  The 
electrodes  are  hollow  for  minimizing  weight.  They  must 
be  fabricated  and  mounted  onto  a  spherical  support  plate 
with  a  positioning  tolerance  of  about  0.1  mm.  Based  on 
preliminary  price  quotes,  the  most  cost-effective  way  in 
machining  these  ESQ  electrodes  is  to  use  wire  electrical 
discharge  machining  (EDM).  An  initial  bid  for  fabricating 
these  ESQ  electrodes  was  priced  at  $1500  each. 


(nominal  radius  is  5.5  cm). 


One  other  way  to  funnel  many  beams  without  using 
offset  electrodes  is  to  slowly  shrink  the  quadruples.  In  this 
case,  one-half  of  the  beams  in  the  array  at  any  given 
quadrupole  plane  will  be  bending  in  the  wrong  direction, 
but  over  any  two  successive  quadrupole  planes  the  net 
bending  will  be  correct  for  all  beams  (similar  to  AG 
focusing).  In  order  to  avoid  excessive  space  charge 
expansion  in  the  z-direction,  the  matching  section  can  not 
be  arbitrary  long.  Preliminary  simulation  result  indicated 
that  a  50-m  length  is  probably  acceptable.  At  this  point, 
it  is  not  clear  which  method  is  more  cost  effective:  a  50  m 
matching  section  with  simple  round  rod  electrodes  or  a 
5  m  matching  section  with  specially  shaped  electrodes. 

3.2  Multi-aperture  extraction  and  preacceleration 

Although  the  present  design  has  already  reduced  the 
overall  size  of  a  multiple-beam  injector  compared  with 
those  in  the  previous  designs  using  separate  beamlines, 
the  array  is  still  very  large  at  the  source  end.  At  present, 
we  are  developing  an  alternate  concept  that  will  produce  a 
significantly  smaller  injector-one  that  possibly  does  not 
require  a  funnel-shaped  geometry.  The  basic  idea  of  this 
concept  is  to  use  miniature  beamlets  to  overcome  the 
beam  transport  problem  mentioned  in  section  2.  A  multi¬ 
aperture  grid  at  the  ion  source  can  obtain  high  current 
density  beamlets.  Since  the  apertures  are  small,  each 
beamlet  will  have  a  current  of  only  a  few  mA  and  can  be 
focused  while  accelerating  to  ~1.7  MV.  After  preaccel¬ 
eration,  the  beamlets  are  merged  together  to  form  beams 
of  0.5  A  each,  ready  for  injecting  into  an  ESQ  channel. 
There  will  be  emittance  growth  from  beam  merging, 
however  the  effect  can  be  minimized  by  using  a  large 
number  of  beamlets  and  high  grid  transparency.  Our  pre¬ 
liminary  estimation  indicates  that  an  injector  system  based 
on  this  principle  is  promising  but  requires  further  studies. 

4  SUMMARY 

In  our  conceptual  design  for  an  84-beam  injector  system 
for  HEF,  the  beamlines  are  arranged  in  an  array  that  has  the 
shape  of  a  funnel.  Each  beamline  consists  of  an  ion 
source,  a  1.7  MV  ion  gun  and  an  ESQ  matching  section. 
Beam  steering  is  done  by  displacing  the  ESQ  electrodes. 
We  are  also  continuing  to  explore  alternate  concepts  that 
are  either  more  compact  or  more  cost  effective. 
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Abstract 

A  30  MeV  compact  cyclotron,  CYCIAE  30  has  been 
working  as  a  supplier  of  medium  and  short  live  time 
radioactive  isotopes  for  more  than  four  years.  To  meet  the 
increasing  requirements  of  medical  isotopes,  it  is  asked 
that  the  machine  should  continuously  run  at  a  high  level 
of  beam  intensity.  But  last  September,  it  was  difficulty  to 
get  the  beam  more  than  100  pA.  Some  troubles  came 
from  the  injector  were  found  in  the  injection  system.  In 
this  paper,  the  injection  system  and  the  existing  problem 
will  be  described  briefly  and  the  proposal  to  improve  the 
injection  system  is  given. 

1  INTRODUCTION 

CIAE  medical  cyclotron  is  a  fixed-field,  fixed-frequency 
isochronous  machine.  Maximum  energy  of  accelerating 
H-  ions  is  up  to  30  MeV  and  extracted  beam  intensity  of 
more  than  350  pA  has  been  archived.  Low  power 
consumption  less  than  100  kW  is  suitable  for  industrial 
use.  Design  of  the  machine  was  reported  elsewhere 
[1,2,3]. 

An  external  multicusp  ion  source  is  used  for  CYCIAE 
30.  The  H-  beam  produced  from  the  ion  source  is  injected 
into  the  central  region  axially.  The  injection  line  consists 
of  steering  magnet,  Einzel  lens,  buncher,  solenoid  and 
electrostatic  deflector,  a  high  voltage  electrostatic  field 
channel.  Through  the  channel  the  beam  will  enter  the 
machine  horizontally  away  from  vertical  direction.  The 
channel  should  keep  spiral  shape  since  the  particle 
affected  simultaneously  by  magnetic  field  in  the  central 
region.  The  beam  will  be  further  accelerated  by  the  RF 
field  once  the  particles  leave  the  injector  channel  and 
enter  the  magnet  gap.  Simulation  of  the  beam  dynamics 


FIG.  1 .  Central  Region  of  CIAE  30  MeV  Cyclotron 


were  done  to  keep  the  beam  loss  as  less  as  possible  in  the 
central  region  [4],  Fig  1  shows  the  central  region  of  CIAE 
30  MeV  cyclotron. 

Four  years  after  the  machine  put  into  operation,  the 
injection  system  works  at  a  reasonable  efficiency.  The 
machine  usually  worked  with  the  beam  more  than  200  pA 
according  the  isotopes  production  purpose  until  last 
September  when  the  machine  had  a  hard  time  to  get  100 
pA  beam.  Two  positions  damaged  were  found  by  beam 
when  the  central  region  of  the  cyclotron  was  checked. 
One  spot  is  inside  the  deflector,  a  part  of  the  electrostatic 
channel.  That  is  easy  to  be  understood  since  the  beam 
pass  through  that  channel.  But  another  damaged  place  is 
located  on  the  wall  of  RF  shielding  wall.  Thus  the  further 
study  for  the  injector  was  carried  out  as  shown  following. 

2  ELECTROSTATIC  FIELD  FORMED 
BETWEEN  THE  DEFLECTOR  AND  RF 
SHIELDING  PARTS 

The  beam  dynamics  study  did  when  the  machine  designed 
was  based  on  an  assumption  that  the  ion  after  the 
deflector  effected  by  two  field  forces  only:  magnetostatic 
field  and  RF  field  from  Dee  puller.  Before  that  the 
electrostatic  field  between  the  two  electrodes  of  the 
deflector  would  change  the  beam  direction  from  vertical 
to  horizontal. 

From  the  damaged  spot  on  the  wall  of  the  RF  shielding 
parts,  we  suppose  that  there  is  another  field  exists  in  the 
region  between  the  deflector  electrode  and  RF  shielding 
wall.  The  field  is  estimated  by  a  three  dimensional  finite 
different  code.  The  geometry  used  in  the  calculation  is 
shown  in  Fig.  1.  And  the  potential  distribution  is  given  in 
Fig.  2.  The  maximum  electric  field  in  the  interested 
region  is  as  high  as  a  half  of  those  inside  the  deflector 
channel.  In  fact,  another  deflection  channel  is  formed 
between  a  deflector  electrode  and  RF  shielding  wall.  This 
field  will  make  the  injected  beam  expand  and  part  of 
beam  will  enter  this  extra  deflection  channel.  It  would  be 
more  serious  once  the  current  of  the  steering  magnet  is 
not  set  properly.  The  beam  would  be  deflected  into  the 
shielding  parts  by  this  field.  That  is  the  reason  why  the  RF 
shielding  wall  was  damaged.  A  new  deflector  is  used  to 
replace  the  old  one  now.  The  machine  seems  work  well 
for  months. 
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FIG.  2.  The  potential  distribution  in  the  central 
region  of  CYCIAE  30 

3  OPTICS  CALCULATION  OF 
INJECTION  LINE 

The  beam  damages  the  deflector  wall  since  beam 
divergence  inside  the  deflector  channel.  Some  stripped 
copper  skin  is  sometimes  found  during  the  operation 
caused  by  beam  loses  on  the  electrodes'  wall.  Time  after 
time  the  gap  between  the  electrode  increases.  Then  higher 
deflecting  voltage  would  be  required  since  the  gap 
becomes  bigger.  Also  the  damaged  spot  destroy  the 
channel  shape  that  would  make  injection  even  more 
difficulty. 

The  operation  records  of  the  cyclotron  show  that  the 
focus  of  the  beam  line  is  not  strong  enough  since  the 
measured  beam  becomes  higher  with  the  lens  current 
increasing.  The  injection  line  is  shown  in  Fig  3  (the 
solenoid  is  inside  the  magnet  of  the  cyclotron).  To 
improve  the  injection,  the  beam  spot  should  be  limited  to 
smaller  size.  Several  schemes  have  been  tried  to  provided 
the  better  focus  of  the  beam  line  and  smaller  beam 
envelope  inside  the  deflector. 


FIG.  3.  The  injection  line  of  CYCIAE  30 


•  One  triplet  is  used  to  replace  the  solenoid  (E&T). 

•  Two  triplets  are  used.  One  replaces  the  solenoid  and 
the  other  one  replaces  the  Einzel  lens  (T&T). 

•  One  triplet  is  used  to  replace  the  Einzel  lens  (T&S). 

The  simulation  results  show  that  One  triplet  is  used  to 
replace  the  Einzel  lens  is  quite  competent  to  control  the 
beam  profile  at  a  better  level.  The  spot  at  the  8  mm  width 
inlet  of  the  deflector  is  smaller  than  5  mm.  The  required 
current  of  the  solenoid  is  relatively  lower.  The 
comparison  of  the  results  calculated  by  TRANSPORT  [5] 


FIG.  4.  The  Envelope  calculated  by  TRANSPORT 


is  listed  in  table  1 .  And  the  envelope  is  shown  in  Fig  4. 


TABLE  1  The  Results  Comparison  of  Different  Schemes 


Rmax  (outside  the 
main  magnet) 

Rmax  (inside  the 
main  magnet) 

Xmax  on  target 

Ymax  on  target 

Magnetic  Field  of 
the  Solenoid 

E&S 

0.95  cm 

0.96  cm 

0.24  cm 

0.24  cm 

2.2  kG 

E&T 

0.95  cm 

1.37  cm 

0.42  cm 

0.63  cm 

T&T 

1 .63  cm 

1.10  cm 

0.57  cm 

0.21  cm 

T&S 

2.33  cm 

1.21  cm 

0.25  cm 

0.25  cm 

1.8  kG 
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4  THE  QUADRUPOLE  MAGNET  DESIGN 

Quadrupole  magnet  is  widely  used  for  beam  focus,  such 
as  in  storage  ring  and  beam  transportation  system.  In  the 
past,  quadrupole  pole  face  designed  parabollized  since 
conform  algorithm  used  for  the  field  simulation.  In  the 
case,  the  infinite  permeability  of  iron  is  assumed  to  keep 
the  constant  field  gradient  in  the  beam  area.  But  parabola 
pole  face  brings  following  shortcomings:  machining 
difficult,  assembling  difficult.  Besides,  the  field 
distribution  is  not  expected  constant,  but  distorted  since 
iron  saturation  is  not  considered  when  the  magnet 
performance  computed.  The  numerical  simulation 
techniques  are  used  to  design  this  kind  of  magnet.  The 
shape  of  pole  can  be  chosen  freely  according  to  the  real 
requirements  and  simple  machining  procedure.  According 
to  the  magnetic  field  gradient  of  a  quadrupole  for  the 
injection  line,  The  quadrupole  magnets  are  designed  and 
shown  in  Fig  5.  The  pole  face  is  broken  line  shaped.  The 
inner  diameter  is  <P78  mm.  The  good  field  region  is  about 
80  %.  The  magnetic  field  gradient  from  the  design  is 
linear.  They  are  shown  in  Fig  6. 


FIG.  5.  The  Geometry  of  Quadrupole  Magnet  with 
Broken  Line  Profile  Pole  Tip 


fIG.  6.  The  Magnetic  Field  Gradient  from  calculation 


cr 


5  CONCLUSION 

Injection  system  is  an  important  part  for  CYCIAE  type 
cyclotron.  From  our  experience  the  machine  works  well 
once  the  injector  system  work  well.  To  improve  the 
machine  some  R  &  D  job  must  be  taken.  A  better  ion 
source  and  a  better  designed  injection  line  are  to  get 
higher  beam  intensity.  Some  experiences  have  been 
proved  that  the  bottleneck  of  the  machine  is  ion  source 
and  injection  system  since  the  magnet  quality  has  ensured 
very  little  beam  loss  when  the  ion  accelerated  inside  the 
cyclotron. 

6  REFERENCES 

1 .  Mingwu  Fan  and  Tianjue  Zhang,  Proc.  Of  PAC’97,  0-7803-4376- 
X/98, 1998,  IEEE,  pp3834-3836. 

2 .  Mingwu  Fan  et  al,  Proc.  of  International  Conference  on 
Electromagnetic  Field  Problems  and  Applications,  Wuhan,  China, 
1996. 

3.  Mingwu  Fan  et  al,  Proc.  of  PAC’93,  0-7703-1203-1/93,  1993 
IEEE,  pp2841-2843. 

4.  Tianjue  Zhang  and  Mingwu  Fan,  Proc.  of  The  6th  CHINA-JAPAN 
Joint  Symp.  on  Accelerators  for  Nuclear  Science  and  Their 
Applications,  Chengdu,  1996 

5.  TRANSPORT-PC  is  a  PC  version  of  TRANSPORT  maintained  by 
C1AE. 


1942 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


MULTICUSP  ION  SOURCE  FOR  INDUCTION  LINAC  APPLICATIONS’ 

J.  Reiionen*.  M.  Eardley,  R.  Keller,  J.  Kwan,  K.  N.  Leung,  D.  Pickard*,  R.  Thomae 
and  M.  D.  Williams,  LBNL,  University  of  California,  Berkeley,  CA  94720,  USA 


Abstract 

At  LBNL  we  are  investigating  the  use  of  gaseous  ion 
sources  for  induction  linac  applications  such  as  heavy  ion 
inertial  fusion.  Typical  requirements  for  the  ion  source  is 
to  produce  20  ps  pulses  with  a  rise-time  of  2  ps.  The 
current  density  should  be  greater  than  100  mA/cm^  at  a 
duty  cycle  of  10  Hz  [1].  Noble  gases  such  as  krypton, 
neon  and  xenon  will  be  used.  The  source  used  for  the 
measurements  described  in  this  paper  was  a  standard  10 
cm  in  diameter  multicusp  source  with  RF-discharge. 
Current  densities  of  more  than  400  mA/cm2  at  RF-power 
levels  of  20  kW  using  neon  discharge  were  demonstrated. 
With  heavier  elements  such  as  Ar,  Kr  and  Ne,  current 
densities  of  200  -  300  mA/cm^  were  obtained  at  the  same 
extraction  voltage  of  20  kV.  By  using  a  starter  filament, 
the  rise-time  has  been  reduced  from  20  ps  to  5  ps.  Beam 
emittance  was  measured  using  a  pepper-pot  device.  An 
argon  beam  showed  that  the  normalized  emittance  is  of 
the  order  of  0.1  Ttmm-mrad. 

1  INTRODUCTION 

For  some  years  there  have  been  studies  to  produce  energy 
by  Heavy  Ion  Fusion  (HIF).  There  are  proposals  to 
accelerate  heavy  ions  in  a  multi-channel  induction  linac. 
At  LBNL,  the  Plasma  and  Ion  Beam  Technology  Group 
has  been  investigating  the  use  of  a  gaseous  ion  source  for 
production  of  the  heavy  ion  beam.  RF-multicusp  sources 
[2]  have  been  reported  to  deliver  high  current  density  of 
positive  and  negative  ions  [3].  The  advantage  of  the  RF- 
driven  plasma  is  the  use  of  various  different  gases  and 
metallic  elements  for  ion  production  at  high  current 
density.  In  this  paper  we  present  measurements  on  inert 
gas  elements  Ne,  Ar,  Kr  and  Xe. 

2  EXPERIMENTAL  SETUP 

2.1  Source  setup 

The  RF-amplifier  is  a  pulsed  65  kW  supply  with 
maximum  duty  factor  of  0.5%  (100  ps,  50  Hz)  at 
frequency  of  2  MHz.  The  RF-power  is  delivered  through  a 
50  Q  coaxial  transmission  line  to  the  impedance  matching 
network.  The  purpose  of  the  matching  network  is  to  match 
the  50  Q  impedance  of  the  amplifier  to  the  impedance  of 
antenna  immersed  to  the  plasma.  To  aid  starting  the 


plasma,  a  negatively  biased  tungsten  filament,  with  respect 
to  the  source  body  is  used. 

All  experimental  measurements  were  carried  out  using  a 
standard  10  cm  multicusp  source,  shown  in  Fig  1.  The 
plasma  chamber  has  an  inner  diameter  of  10  cm  and  is 
surrounded  by  20  SmCo  magnet  columns.  Two  pairs  of 
magnets  in  the  source  back  plate  enhance  the  cusp 
confinement.  Plasma  is  generated  by  a  two-turn  quartz- 
antenna.  The  gas  is  introduced  to  the  plasma  chamber 
through  a  needle  valve  and  the  absolute  pressure  in  the 
source  is  measured  by  a  capacitance  manometer.  A  small 
starter  filament  was  used  to  feed  seed  electrons  to  the 
source. 


Figure  1.  RF  driven  10  cm  in  diameter  multicusp  ion 
source  with  starter  filament. 

The  extraction  system  consists  of  a  plasma  electrode  with 
an  aperture  of  3  mm  for  current  density  measurements  and 
an  aperture  of  5.5  mm  for  emittance  measurements.  This 
is  to  simulate  the  proposed  hole  size  of  the  HEF  source. 
The  faraday  cup  was  located  5  cm  from  the  grounded 
second  electrode.  The  faraday  cup  is  magnetically 
shielded  to  suppress  the  secondary  electrons. 

The  beam  emittance  was  determined  using  a  “pepper-pot” 
measurement  device.  This  device  consists  of  a 
discriminator  and  a  film  holder  plate.  The  discriminator  is 
a  thin  plate  with  small  holes  drilled  to  form  a  certain 
pattern.  Tantalum  was  used  as  a  discriminator  material. 
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The  hole  diameter  and  the  thickness  of  the  plate  was  200 
|im.  The  film  is  placed  at  a  distance  of  2  cm  from  the 
discriminator.  Different  film  materials  like  kapton, 
tantalum,  stainless  steel,  mylar  and  aluminium  coated 
mylar  were  used.  It  was  found  that  for  our  beam 
parameters  a  mylar  film  was  the  most  advantageous. 

3  EXPERIMENTAL  RESULTS 

3.1  Current  Density  Measurement 

The  ion  current  was  measured  using  four  different  gases: 
Ne,  At,  Kr  and  Xe.  The  current  was  measured  as  a 
function  of  acceleration  voltage.  In  Fig  2  the  results  for 
the  krypton  beam  is  shown.  From  this  result  the  saturation 
current  is  determined. 


Figure  2:  Extracted  krypton  beam  current  as  a  function  of 
acceleration  gap  voltage.  The  saturation  current  is 
determined  from  this  graph. 


In  Fig.  3  the  current  density  as  a  function  of  RF-power  for 
the  four  elements  is  shown.  The  pressure  is  selected  so 
that  it  gives  the  maximum  ion  current.  The  current  density 
is  calculated  from  the  measured  saturation  current  values. 
In  these  measurements,  it  is  found  that  the  neon  gas 
required  higher  pressure  to  sustain  stable  plasma. 
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Argon  20  mTorr 
Krypton  20  mTorr 
Xenon  20  mTorr 
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3.2  Rise-time  measurement 

The  rise-time  of  the  pulses  is  measured  using  80  |xs 
discharge  pulse.  Two  gases  were  used,  namely  Neon  and 
Krypton.  The  measured  rise-times  are  displayed  in  Fig  4. 
For  the  rise-time  measurement  the  starter  filament  position 
was  optimized  to  achieve  stable  plasma  at  the  low  source 
pressure. 
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Figure  4:  Rise-time  of  discharge  pulses  with  two  different 
gases  as  a  function  of  source  pressure.  In  the  case  of  neon 
gas  the  rise-time  is  order  of  magnitude  smaller  compared 
to  krypton.  The  shorter  rise-time  may  be  due  to  the  higher 
mobility  of  neon  ions. 

3.3  Emittance  measurement 

The  beam  emittance  was  measured  using  a  “pepper-pot” 
device.  This  device  consists  of  a  discriminator,  which  is  a 
thin  plate  where  tiny  holes  are  drilled.  Behind  the  plate  is 
a  film,  where  beamlets  form  a  pattern.  From  the  film 
patterns  the  emittance  can  be  determined.  For  this  purpose 
the  patterns  were  measured  by  means  of  a  microscope.  An 
ellipse  was  fitted  around  the  measured  data  points.  The 
equation  [4]  for  an  ellipse  is 

r’=±— Va2  — r2  +Cr 
A 

Where  A,  B  and  C  are  variables  that  must  be  fitted  to  the 
measured  points  in  the  r-r’  phase  space.  The  r  and  r’  are 
the  radius  of  the  beamlet  from  the  beam  axis  and  the  angle 
of  the  beamlet  respectively.  The  emittance  in  the  r-r’  plane 
is  then  calculated  using  A  and  B  simply 

£  =71  A-  B 

In  Fig  5  an  example  of  such  a  fit  is  shown  for  an  argon 
beam. 


Figure  3:  Current  density  as  a  function  of  RF-power  for 
different  elements. 
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Figure  5.  The  emittance  plot  of  a  20  kV  argon  beam  at 
0.2%  duty  factor. 

The  normalised  emittance  for  20  kV  argon  beam  is  of  the 
order  of  0.1  7c-mm-mrad  and  for  20  kV  krypton  beam, 
0.08  7i-mm-mrad. 

4  DISCUSSION 

We  have  demonstrated  that  it  is  possible  to  generate 
current  density  of  100  mA/cm2  at  a  RF-power  level  of  5 
kW  for  all  gases.  The  current  density  increases  linearly  in 
the  measured  power  range,  i.e.  even  higher  current 
densities  can  be  achieved  using  higher  RF-power. 
Furthermore  in  the  multicusp  ion  source,  the  plasma  is 
known  to  be  uniform  in  large  area  in  the  extraction  region, 
which  allows  one  to  use  a  multiaperture  extraction  system 
for  high  current  applications  like  HIF. 

For  the  current  density  measurements  presented,  the 
pressure  in  the  source  was  fairly  high  (order  of  few  tens  of 
mTorr).  This  can  be  reduced  significantly  by  optimising 
the  starter  filament  position  and  current.  The  higher 
pressure,  in  the  case  of  neon  (compared  to  krypton,  argon 
and  xenon)  is  due  to  the  low  ionisation  cross-section  of 
neon 

In  the  rise-time  measurements,  the  chemically  etched  tip 
of  the  filament  was  positioned  behind  the  RF-antenna  coil 
in  cusp  field  free  region.  This  enables  the  operation  of  the 
source  at  lower  pressure.  The  difference  in  the  rise-times 


between  neon  and  krypton  can  be  explained  because  of  the 
higher  mobility  of  the  neon  as  a  lighter  element. 

The  emittance  of  the  pulsed  (0.2%  duty  factor)  20  kV 
argon  beam  was  measured  to  be  105  rc-mm-mrad,  which 
corresponds  to  a  normalised  emittance  of  0.1  ranm-mrad. 
The  krypton  beam  emittance  (80  jimm-mrad)  is  slightly 
smaller. 
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Abstract 

A  75-keV,  1 10-mA  cw  proton  injector  capable  of  pulsed 
operation  has  been  developed  for  testing  the  LEDA  6.7- 
MeV  cw  radio  frequency  quadrupole  (RFQ).  Part  of  the 
preliminary  development  of  this  injector  included 
operation  of  a  1.25-MeV  cw  RFQ  at  beam  currents  up  to 
100  mA.  The  75-keV  LEDA  injector  was  modified  to 
operate  at  50  keV  for  these  tests.  We  report  here  on  the 
operational  experience  of  the  1.25-MeV  RFQ  where  50- 
mA  beam  current  was  accelerated  through  the  RFQ  with 
90%  transmission.  This  half-power  operation  is  of  interest 
because  (1)  the  injector  beam  current  monitoring  was 
more  reliable,  and  (2)  sufficient  rf  power  was  available 
to  ensure  the  design  cavity  fields.  These  two  features 
simplify  the  comparison  of  injector-RFQ  performance 
with  design  codes.  The  information  obtained  from  these 
studies  will  be  applied  to  the  75-keV  injector  during  the 
LEDA  6.7-MeV  RFQ  commissioning. 

1  INTRODUCTION 

Commissioning  and  startup  of  high-power  cw  RFQs[l] 
and  cw  accelerators^]  require  initial  operation  at  lower 
beam  powers  with  pulsed  and/or  lower  dc  current  beams. 
This  lower-power  operation  allows  insertion  of  diagnostic 
devices,  which  would  otherwise  be  destroyed  by  the  beam. 
Beam  power  can  then  be  ramped  up  by  guidance  from 
design  codes,  previous  experience,  and  careful  attention  to 
cw  beam  monitoring. 

A  75-mA,  1.25-MeV  cw  RFQ[3]  tested  at  Los 
Alamos[4]  was  commissioned  by  using  a  half-power 
injector  beam  operating  in  dc  mode.  In  this  paper  we  will 
discuss  the  injector  design  considerations  for  the  half¬ 
power  1.25-MeV  RFQ  commissioning,  and  then  will 
present  the  measured  transmission  results  through  the 
RFQ.  This  work  confirms  earlier  design  calculations^] 
which  predicted  the  1.25  MeV  RFQ  transmission  would 
be  90%  at  50-mA  accelerated  RFQ  current.  A  motivating 
factor  for  this  work  was  injector  development  for  the 
commissioning  of  a  6.7-MeV,  100-mA  RFQ[6].  We  refer 
to  50-mA  operation  as  “half-power”  because  previous 
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measurements^, 8]  have  obtained  100-mA  beam  current 
(25  mA  greater  than  design)  from  the  1.25-MeV  RFQ. 

2  THE  50-KEV  INJECTOR 

A  75-keV  injector  based  on  a  microwave  proton  source 
[9],  has  been  designed,  fabricated,  and  tested  for  the  Low- 
Energy  Demonstration  Accelerator  (LEDA)  project.  For 
the  50-keV  tests  the  ion  source  beam  extractor  was 
modified  from  a  tetrode  to  a  triode  system[8].  The  two 
triode  extraction  geometries  for  the  50  and  100-mA  1.25 
MeV  RFQ  operation  are  summarized  in  Table  1. 


Table  1.  Summary  of  the  triode  extraction  systems  used 
in  the  1.25-MeV  RFQ  commissioning  (50  mA)  and 
highest  power  operation  (100  mA). 


1.25  MeV  RFQ  output 
current  (mA) 

50 

100 

Emission  aperture  radius  (mm) 

2.5 

3.4 

Extraction  aperture  radius  (mm) 

3.4 

3.4 

Extraction  gap  (mm) 

9.3 

8.1 

Figure  1  shows  the  line  drawing  for  the  50-keV 
injector  used  in  these  measurements.  The  ion  source 

Ion  Source  Solenoid  dc  Solenoid 


Figure  1 .  Line  drawing  of  50-keV  injector  used  on  the 
1.25  MeV  RFQ. 

beam  current,  ib,  is  measured  in  a  dc  current  toroid  labeled 
DC1  in  Fig.  1.  The  source  produced  i„  =  58  mA 
accelerated  through  the  2.5-mm  emission  aperture  radius 
(re)  with  1270  W  forward  power  at  2.45  GHz.  This 
corresponds  to  an  ion  emission  current  density  of  js  = 
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ib/(7trc2)  =  295  mA/cm2.  The  proton  fraction  was  not 
measured  while  the  injector  was  operating  with  the  RFQ, 
but  earlier  proton  fraction  data  acquired  at  50  keV  as 
function  of  the  ion  source  microwave  power  are  shown  in 
Fig.  2.  Proton  fractions  >  90%  are  observed  for  900  W, 
and  we  therefore  assume  the  ion  source  proton  current  is  > 
52  mA.  At  900  W,  within  measurement  accuracy  of 


Microwave  Power  (W) 

Figure  2.  Proton  fraction  as  a  function  of  2.45  GHz 
microwave  power.  The  diamonds  are  measurements 
while  the  line  is  a  linear  least  squares  fit  to  the  data. 


3  RFQ  BEAM  MATCHING  AT  50  MA 

RFQ  beam  transmission  measurements  were  made  using 
the  2.5-mm  emission  aperture  radius  shown  in  Table  1. 
The  LEBT  solenoid  magnets  1  and  2  were  set  at 


Figure  4.  Prediction  for  the  ion  source  normalized  rms 
emittance  from  the  PBGUNS  code  and  the  temperature 
model. 


1%,  the  remaining  10%  of  the  beam  is  H2\ 

Beam  emittance  was  not  measured  for  the  50-mA 
extraction  system  (cf  Table  1).  An  estimate  of  the  ion 
source  beam  emittance,  however,  may  be  made  by  use  of 
the  PBGUNS  code[10].  This  code  includes  a  Maxwellian 

TRAJECTORIES  AND  EQUIPOTENUALS 

450kV  -2kV  OkV  OkV 


p i 

Z  (mm) 

Figure  3.  Simulation  of  the  50-keV  beam  using  the 
PBGUNS  code. 

ion  temperature,  kT,.  Figure  3  shows  the  trajectory  and 
equipotential  plot  for  the  50-mA  triode  geometry 
summarized  in  Table  1  for  kT,  =  1  eV.  Predictions  for  the 
ion  source  rms  normalized  emittance,  Ems,  are  shown  in 
Fig.  4  as  function  of  kT,.  The  PBGUNS  code  emittance 
prediction,  shown  as  diamonds  connected  with  solid  line, 
is  about  0.1  (jcmm-mrad)  for  kT,  =  1  eV.  This  ion 
temperature  may  be  a  reasonable  estimate  for  plasma  ion 
temperatures  in  a  microwave  plasma  source!  11,12],  For 
comparison,  the  squares  connected  with  the  broken  line 
are  calculated  from  the  temperature  model  formula,  Ems  = 
(rc/2)(kT/mc2),,z  [13],  The  code  emittance  prediction  is 
greater  than  the  temperature  model  because  the  PBGUNS 
code  also  includes  ion-optical  extraction  aberrations  and 
space-charge  effects.  The  PBGUNS  prediction  is  close  to 
other  ion-source  emittance  measurements!  14], 


I 


varying  currents,  and  the  transmission  through  the  RFQ 
was  measured.  RFQ  transmission  is  defined  in  per  cent  as 
100(DC3/DC2).  DC3  refers  to  a  dc  current  toroid  located 
at  the  exit  of  the  RFQ[15],  Beam  transmission 
measurements  are  shown  as  contours  in  Fig.  5  where  the 
horizontal  and  vertical  axes  are  the  LEBT  solenoid 
magnets  1  and  2  current  excitation,  respectively. 


Solenoid  1  (A) 

Figure  5.  RFQ  beam  transmissions  are  plotted  as  contour 
labels. 

The  90%  contour  corresponds  to  the  RFQ  half-power 
operation  of  50  mA.  Minimal  steering  magnet  excitation 
(cf.  Fig.  1,  SMI,  SM2)  was  required  during  these 
measurements. 

First-order  low-energy  beam  transport  (LEBT) 
calculations  using  the  TRACE  code[16]  were  done  using 
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the  PBGUNS  predictions  for  the  Courant-Snyder  {a, (3} 
parameters  and  the  magnetic  field  strengths  corresponding 
to  the  90%  transmission  solenoid  currents  shown  in  Fig.  5. 
The  TRACE  beam  envelopes  for  the  {a,p}  parameters 
corresponding  to  kT,  =  0  and  1  eV  are  shown  in  Fig.  6. 


Figure  6.  TRACE  beam  envelope  calculations  for  the 
{a,p}  parameters  deduced  from  the  kV,  =  0  and  1  eV 
PBGUNS  simulations. 


They  give  a  good  qualitative  description  of  the  RFQ- 
matched  beam;  a  more  quantitative  description  of  this 
matching  process  requires  use  of  a  higher-order  LEBT 
code  [15].  The  process  of  using  the  PBGUNS  and 
TRACE  codes  together  is  a  first-order  method  used  for 
designing  and  commissioning  the  50-keV  injector  on 
thel.25  MeV  RFQ. 


0  SO  100  150  200  250  300 

RFQ  Exit  Quad  (A) 

Figure  7.  Calorimetric  measurement  beam  power  check 
on  the  DC3  beam  current  monitor. 

A  check  was  made  on  the  RFQ  output  beam 
power  and  current  monitor  (DC3)  by  measuring  the  water 
temperature  increase  in  the  cw  RFQ  beam  stop  [17].  The 
difference  of  the  measured  calorimetric  and  beam  power  - 
based  on  the  DC3  current  measurement  assuming 
acceleration  to  RFQ  design  energy  -  is  chosen  as  a  figure 
of  merit.  These  difference  data  are  shown  in  Fig.  7 
plotted  vs.  the  excitation  of  the  RFQ  exit  quadrupole 
singlet.  These  measurements  were  made  for  an  RFQ 
beam  current  of  74  mA  with  1.3  1/s  water  flow.  The 
equilibrium  water  temperature  increase  was  19°C.  The 
error  bars  were  calculated  based  on  uncertainties  in  the 
temperature  and  water  flow  measurements.  Some 
dependence  is  observed  on  the  exit  quadrupole  excitation, 
but  the  calorimetry  confirms  the  RFQ  beam  toroid  current 
measurement. 
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A  NON-INTERRUPTING  ELECTRON  BEAM  DIAGNOSTIC 
USING  COHERENT  OFF-AXIS  UNDULATOR  RADIATION 

C.P.  Neuman*.  W.S.  Graves,  Brookhaven  National  Laboratory,  Upton,  NY 
P.G.  O’Shea,  University  of  Maryland,  College  Park,  MD 

Abstract  which  is  independent  of  the  electron  beam  energy. 


We  propose  a  technique  for  measuring  the  length  of  an 
electron  bunch  from  a  linear  accelerator  without 
interrupting  the  electron  beam.  Bunch  lengths  are 
measured  by  observing  off-axis  Undulator  radiation.  The 
wavelength  of  undulator  radiation  increases  with  the 
angle  of  emission.  At  angles  as  large  as  10  degrees,  the 
wavelength  may  be  longer  than  the  electron  bunch,  and  as 
a  result  coherence  effects  emerge.  As  the  angle  of 
observation  increases  and  the  radiation  becomes  coherent, 
the  intensity  may  change  by  up  to  a  factor  of  109.  The 
angle  at  which  this  change  occurs  is  related  to  the  bunch 
length.  Thus  the  bunch  length  may  be  obtained  by 
observing  the  change  in  intensity  of  the  radiation  with 
respect  to  the  angle  of  observation.  This  electron  beam 
diagnostic  does  not  interrupt  the  electron  beam  and  would 
be  useful  for  single-pass  FELs.  Electron  bunches  could  be 
characterized  while  the  FEL  is  operating,  and  thus  the 
PEL  could  be  optimized  in  real  time.  In  this  paper,  we 
develop  the  theory  of  coherent  off-axis  undulator 
radiation  (COUR),  including  near-field  effects,  and  we 
discuss  future  experimental  efforts  to  observe  this 
radiation  and  to  use  it  to  characterize  electron  bunches. 

1  THEORY 

1.1  Introduction 

In  most  descriptions  of  undulator  radiation,  the  discussion 
is  limited  to  small  angles  of  observation,  particularly 

angles  less  than  — j —  radians  [1],  where  Nw  is  the 

number  of  periods  in  the  undulator.  In  our  study  we 
explore  the  radiation  outside  the  narrow  — j=  cone. 

YyK 

The  peak  wavelength  of  undulator  radiation  increases 
with  angle: 

(^  ) = ~r  [(l +  a  )cos  0  +  2y 2  (l  -  cos  6  )] ,  (1) 

2  Y 

where  d  is  the  angle  of  observation,  A*,  is  the  undulator 
period,  a„  is  the  undulator  parameter,  and  /  is  the 
relativistic  factor  of  the  electron  beam.  Typical  values  of 
Xo,  for  A„,  =  4  cm  and  y=  400,  are  250  nm  on-axis,  and  1.3 
mm  for  6  =  15° .  Note  that  for  /large  and  0  greater  than  a 
few  degrees,  Eq.  1  becomes 
;io(e)='L(l-cos0) 
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For  small  angles,  the  radiation  typically  has  a 
wavelength  that  is  much  shorter  than  a  bunch  length. 
Here,  the  electrons  radiate  incoherently,  and  the  intensity 
of  the  radiation  scales  linearly  with  the  number  of 
electrons.  For  a  large  enough  angle,  the  wavelength  may 
be  much  larger  than  the  bunch  length.  In  fnis  case,  the 
electrons  radiate  coherently,  and  the  intensity  of  the 
radiation  scales  with  the  square  of  the  number  of 
electrons.  As  the  angle  of  observation  is  increased  and  the 
radiation  becomes  coherent,  the  intensity  will  jump  by  a 
factor  equal  to  the  number  of  electrons,  which  is  typically 
on  the  order  of  109.  The  angle  at  which  this  large  jump 
occurs  depends  on  the  electron  bunch  length.  Thus, 
relative  bunch  length  measurements  may  be  performed  by 
observing  undulator  radiation  from  a  range  of  angles  [2], 

1.2  Energy  Calculations  for  Single  Electron 

We  calculate  the  total  energy  and  the  spectral  energy  of 
the  emitted  undulator  radiation  using  a  straightforward 
approach  derived  from  Lienard-Wiechert  potentials  [3]. 
The  geometry  for  the  calculation  is  shown  in  Fig.  1. 


Figure  1 :  Geometry  for  energy  calculations.  P  is  the  point 
of  observation,  re  is  the  instantaneous  position  of  the 

electron,  R  and  n  are  the  distance  and  direction, 
respectively,  from  the  electron  to  the  point  of  observation, 
and  d  is  the  distance  from  the  center  of  the  undulator  to 
the  point  of  observation. 

The  total  power  per  unit  solid  angle  radiated  by  an 
accelerating  electron,  in  the  electron’s  time,  is  given  by 

=  R2S  n{l-n  p)=  ce0E2R 2 (l -«•/?), 

where  S  is  the  Poynting  vector  associated  with  the 
radiation.  The  total  energy  per  unit  solid  angle  is  obtained 
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by  integrating  over  time.  The  electric  field  E  can  be 
derived  from  Lienard-Wiechert  potentials: 

t  t  [  »  ... 

Ane0  Y2R2(i-n-p}  cR  i^-fi-pj 

The  first  term  represents  the  velocity  field,  which  does  not 
radiate  and  is  thus  disregarded  in  this  study.  The  second 
term  represents  the  radiating  acceleration  field  and 
depends  on  both  the  velocity  and  acceleration  of  the 
electron.  Thus,  the  energy  per  unit  solid  angle  is: 


2  Tc  |”X 


4tte0  Anc  l 


M7T 


To  calculate  the  energy  spectrum,  we  begin  with  an 
expression  for  the  energy  per  unit  solid  angle: 

^)^(fpt=)\A(!Dpco, 

where  A(t)  is  defined  as 
A(t)=Je^cRE , 

and  A(co)  is  the  Fourier  Transform  of  A(t) : 

A(co)=—^=  jA(t]e““dt 

The  total  energy  per  unit  solid  angle  can  be  expressed  as 

dW  7  d2W  . 

- — •=  - dco , 

dQ  l  dadO. 

where 

d2W  J -*<  F 

dcodQ-2  HH 

is  the  energy  radiated  per  unit  solid  angle  per  unit  angular 
frequency.  Using  Eq.  2,  the  spectral  energy  becomes: 

*  «■  , 

dcodQ.  cn  (4tt£0)2  J  (l-n  ■  pj 

The  total  energy  and  spectral  energy  are  related  to  the 
respective  energies  per  unit  solid  angle  by 


-Vf— v> 

d2  [dQ  j 


Px  =  —  sin  (kwz)kwpzc 

I  _  (6) 

Pz  =^T-sin(2kwz)feB,j8zc 

7 

Px  =^^cos  (kwz) 

J  2  _  1  (7) 

Pz=Pz-~cos(2kwz),  pz=\-~(l  +  aw2) 

1.3  Bunch  Form  Factor  for  Nt  Electrons 

The  energy  for  Ne  electrons  is  related  to  the  energy  for  a 
single  electron  by  [4]: 

electrons  A  N e{N e  ~1 )/(«)],  (8) 

where  f(co)  is  the  bunch  form  factor: 


/(m)=  JJdyrfzS^yXCz^ 


.0)  .  n  .0)  „| 
-/ — ysinfl+i— zcosa  1 


dW  _  1  d2W  \  K  J 

da>  d2  dcodQ.  J 

where  d  is  the  distance  of  the  detector  from  the  center  of 
the  undulator,  and  A A  is  the  area  of  the  detector  entrance 
aperture. 

To  evaluate  Eqs.  3  and  4,  the  normalized  acceleration 
and  velocity  of  the  electron  are  needed,  along  with  the 
approximation  z  ~  ji.ct .  These  are  calculated  by 
applying  the  Lorentz  force  equation  to  the  periodic 
undulator  field,  yielding  the  following  well-known 
expressions: 


Sy(y)  and  S2(z)  are  the  transverse  and  longitudinal 

electron  bunch  densities,  respectively.  In  this  study  we 
use  Gaussian-shaped  bunch  densities.  Eqs.  8  and  9 
include  the  coherence  effects  described  above:  for  co 
large  f(co)~  0,  and  W  Ne ;  for  co  small  f{co)~  1 ,  and 
WocNf. 

The  form  factor  depends  on  both  the  length  and  width 
of  the  electron  bunch.  In  this  study  we  only  consider  the 
effects  of  the  bunch  length  since  the  length  is  a  critical 
quantity  in  many  beam  physics  and  FEL  applications. 

1.4  Near-Field  Effects 

Near-field  effects  are  introduced  by  accounting  for  the 
fact  that  h  and  R  change  as  the  electron  passes  through 
the  undulator  (see  Fig.  1).  The  vector  Rh  can  be 
expressed  as 

( L  \ 

R(t)h(t)=  — \-dcos6  z  +  dsindr-r^t),  (10) 

v  2 

where  re  (f)  is  the  electron  trajectory.  rt  is  calculated  by 
integrating  Eqs.  7  with  the  approximation  z  ~  Pzct : 

r.  =zr§-si"kj,ct) 

t  (11) 

Thus,  R(t)  is  obtained  by  taking  the  magnitude  of  Eq.  10, 
and  n(/)  by  dividing  Eq.  10  by  R(t) .  The  consequences 
of  including  near-field  effects  are  discussed  below. 

1.5  Results 

Eqs.  3  and  4  are  evaluated  numerically.  A  plot  of  the  total 
energy  radiated  versus  angle  of  emission  is  displayed  in 
Fig.  2.  The  two  traces  correspond  to  two  different  bunch 
lengths.  It  can  be  seen  that  the  bunch  length  determines 
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the  angle  at  which  the  intensity  of  the  radiation  increases 
dramatically.  This  characteristic  of  COUR  may  allow  us 
to  measure  relative  bunch  lengths  by  observing  COUR  at 
a  range  of  angles. 


Figure  2:  The  effect  of  bunch  length  on  COUR.  oz  is  the 
rms  bunch  length  divided  by  4l ,  as  defined  in  [4], 


linear  accelerator  will  produce  210  MeV  electrons.  The 
undulator  for  the  COUR  experiment  is  a  13  period 
prototype  of  the  10  m  NISUS  undulator,  now  installed  at 
the  DUV-FEL.  The  NISUS  prototype  has  an  undulator 
parameter  of  up  to  1.44  and  an  undulator  period  of  3.89 
cm  [6]. 

A  liquid  helium-cooled  bolometer  detector  will  be  used 
to  detect  energy  levels  as  low  as  10'12  J.  A  spectrometer 
will  be  used  to  determine  the  spectral  content  of  the 
radiation.  Radiation  will  exit  the  beamline  through  an 
aperture  with  a  diamond  window,  after  being  reflected 


Figure  4:  COUR  experiment. 


Calculations  reveal  that  near-field  effects  have  a 
significant  effect  on  the  energy  spectrum  for  detector 
distances  of  less  than  1  m  (see  Fig.  3).  The  fundamental 
peak  is  shifted  to  higher  frequencies  and  is  broadened. 
Without  near-field  effects,  the  spectrum  displays  the 


expected  sine" 


Aft) 

ft)„ 


behavior  on-axis,  and  slight 


variations  of  this  behavior  off-axis,  as  seen  in  Fig.  3.  This 
behavior  is  disturbed  in  the  near-field  calculation.  As  the 
detector  distance  becomes  large,  greater  than  1  m  in  this 
case,  the  near-field  and  far-field  calculations  begin  to 
have  similar  behavior. 


0 


Figure  3:  Effect  of  near-field  effects  on  energy  spectrum 
for  a  single  electron.  6  =  5°,  detector  distance  d  =  .5  m. 
All  other  parameters  are  the  same  as  in  Fig.  2. 


3  EXPERIMENT 

The  goals  of  a  COUR  experiment  are  to  observe  COUR 
and  to  measure  relative  bunch  lengths  using  COUR. 

A  COUR  experiment  is  planned  for  the  DUV-FEL 
facility,  a  new  priority  for  BNL  designed  to  produce  a 
coherent  light  source  in  the  ultraviolet  range  [5].  The 


The  COUR  experiment  is  one  of  a  series  of  beam 
diagnostics  experiments  planned  for  the  DUV-FEL  [7]. 
The  various  diagnostic  techniques  will  be  compared  and 
will  be  used  in  conjunction  with  each  other. 

4  CONCLUSION 

We  have  shown  that  a  promising  technique  for  measuring 
electron  bunch  lengths  is  to  observe  coherent  off-axis 
undulator  radiation  (COUR).  Our  technique  is  non¬ 
interrupting  and  thus  will  be  useful  for  single-pass  FELs, 
where  bunch  lengths  could  be  measured  while  an  FEL  is 
operating.  Calculations  including  near-field  effects  show 
the  expected  energy  levels  and  energy  spectra.  An 
experiment  at  the  DUV-FEL  facility  at  BNL  will  verify 
the  calculations  and  will  demonstrate  the  use  of  COUR  to 
measure  electron  bunch  lengths. 
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Abstract 


At  the  88”  Cyclotron  at  the  Lawrence  Berkeley  National 
Laboratory  we  are  developing  an  intense  (3  TO7  pps),  low 
energy  ,40  ion  beam  to  measure  the  shape  of  the  beta- 
decay  spectrum.  The  I40  half-life  of  71  seconds  requires 
on-line  production  of  the  isotope.  ,40  is  produced  in  the 
form  of  CO  in  a  high  temperature  carbon  target  using  a  20 
MeV  3He+  beam  from  the  LBNL  88”  Cyclotron  via  the 
reaction  12C(3He,n)l40.  In  order  to  minimize  the 
background  radiation  for  the  planned  experiment,  the  140 
atoms  must  be  separated  from  the  other  radioactive 
isotopes  produced  in  the  carbon  target  and  implanted  into 
a  thin  carbon  foil. 

For  this  purpose,  we  have  developed  an  experimental 
set-up  including  the  target,  a  transfer  line,  an  ion  source, 
and  a  low  energy  ion  beam  transport  line.  The  major 
components  of  this  set-up  are  described.  The  release  and 
transport  efficiency  for  the  CO  molecules  from  the  target 
through  the  transfer  line  was  measured  for  various  target 
temperatures.  Experimental  results  of  ionization 
efficiencies  for  carbon  and  oxygen  using  a  multicusp  and 
an  ECR  ion  source  are  presented 


1  INTRODUCTION 

At  the  Lawrence  Berkeley  National  Laboratory  we  have 
commissioned  an  ion  source  test  stand  for  radioactive  ion 
beam  development  f  1]  (see  figure  1).  The  primary  goal  of 
this  test  stand  is  the  on-line  production  of  a  14Cf  ion  beam 
to  measure  the  shape  of  the  140  beta-decay.  The  140  half- 
life  of  70  seconds  requires  producing  the  isotope  on-line  at 
the  88”  Cyclotron.  140  is  generated  in  the  form  of  CO  in  a 
high  temperature  carbon  target  using  a  20  MeV  3He+  beam 
from  the  LBNL  88”  Cyclotron  via  the  reaction 
12C(3He,n)'40. 

The  ,40  atoms  must  be  then  separated  from  the  other 
radioactive  isotopes  produced  in  the  carbon  target  and 
implanted  into  a  thin  carbon  foil  in  order  to: 

•  minimize  the  radiation  background 

•  maximize  the  signal  in  the  beta  spectrometer  by 
concentrating  the  I40  sample  size. 

For  this  purpose,  an  8  m  stainless  steel  transfer  line 

This  work  was  supported  by  the  Director,  Office  of  Energy 
Research,  Office  of  High  Energy  Physics  and  Nuclear  Physics 
Division  of  the  U.S.  Department  of  Energy  under  contract  No. 
DE-AC03-76SFF00098 . 
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1  Meter 

Figure  1 :  Schematic  of  the  new  exotic  ion  beam  test  stand 
and  the  140  experiment. 


connects  the  target  chamber  to  an  ECR  ion  source  through 
a  turbo  molecular  pumping  stage.  Thus,  the  turbo  pump 
separates  the  target  vacuum  chamber  from  the  ion  source. 
The  gas  coming  from  the  turbo  pump  is  fed  into  the  ion 
source  and  ionized,  extracted  at  energies  of  20  to  30  keV 
and  mass  separated.  To  achieve  a  small  sample  size  for 
the  beta  spectrometer,  it  is  planned  to  implant  the  140+  ions 
in  a  2  mm  spot  on  a  thin  carbon  foil.  This  sample  will 
then  be  transferred  to  the  beta-spectrometer.  The  three 
major  experimental  requirements  for  the  ion  source  are: 

1. To  achieve  the  necessary  wO  particle  current  of 

l-2107pps  at  the  implant  target,  the  ion  source 
should  be  able  to  provide  10  %  ionization  efficiency 
for  140\ 

2.  At  the  estimated  implantation  rate  of  1-2-107  pps  the 

expected  continuous  run  of  the  experiment  will  be  at 
least  150  hours.  Therefore,  the  ion  source  should 
continuously  operate  for  at  least  200  hours. 

3.  The  gas  hold  up  time  in  the  ion  source  must  be  less  than 

one  140  half-life. 

In  order  to  fulfill  these  demands,  a  RF  multicusp  ion 
source  [2]  and  the  AECR-U  [3]  were  tested  off-line  with 
respect  to  ionization  efficiency  and  gas  hold-up  times. 
The  presented  efficiencies  Table  1  and  2  quote  the  overall 
system  efficiencies  (ion  source  and  transport  line). 

Because  the  experimental  requirements  could  not  be  met 
with  the  cusp  source  and  because  of  the  promising  results 
measured  on  the  AECR-U,  the  cusp  ion  source  has  been 
replaced  by  the  compact  IRIS  ECR  ion  source. 


0-7803-5573-3/99/$10.00@1999  IEEE. 
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2  EXPERIMENTAL  SETUP 

2.1  Hot  Carbon  Target 

An  all  carbon  target  was  constructed  using  a  high  porosity 
carbon  material[l].  The  target  is  resistively  heated  and 
bolted  to  water-cooled  copper  electrodes.  Graphite  and 
boron  nitride  heat  shields  were  then  added  concentrically 
around  the  target. 

At  1720  °C  and  2  pA  cyclotron  beam  current  on  the 
target  3107pps  of  140  have  been  measured  at  the  exit  of 
the  turbo  pump  (at  the  entrance  to  the  ion  source).  Figure 
2  shows  the  production  rate  as  a  function  of  target 
temperature.  Therefore  at  20  pA  primary  beam  current  a 
production  rate  of  3-10*pps  of  ,40  can  be  expected. 

Using  the  assumed  thick  target  production  rate  of 
210*pps/pA,  an  efficiency  of  7.5  %  for  this  target  set-up 
has  been  achieved. 


T[°C] 


Figure  2:  Production  rate  as  a  function  of  target 
temperature  as  measured  at  the  end  of  the 
transport  line. 

2.2  Beam-line  Layout 

The  ion  beam  transport  line  has  been  designed  around  an 
existing  double  focusing  90°-sector  magnet  from  the 
former  HILAC  injector  line  at  LBNL.  It  has  a  bending 
radius  of  54  cm,  edge  angles  of  30  degrees,  and  a  gap 
width  of  3.8  cm.  The  horizontal  waist  is  located  about 
43  cm  downstream  from  the  vertical  waist.  Therefore,  the 
ion  beam  has  an  elliptical  shape  after  the  sector  magnet. 
An  additional  focusing  element  will  be  needed  to  achieve 
the  required  beam  spot  size  of  2mm  diameter  at  the 
implant  foil.  The  30  kV  extraction  system  and  the 
following  electrostatic  transport  line  consist  of  an  accel- 
decel  extraction  system  and  two  sets  of  einzel  lenses.  It 
was  optimized  with  the  ion  trajectory  code  IGUN  [4], 
The  use  of  two  einzel  lenses  allows  limited  independent 
control  over  both  beam  size  and  divergence  at  the  magnet 
entrance.  Therefore,  the  ion  optics  can  be  adjusted  over  a 


wide  range  of  extraction  voltages  and  current  densities 
(3  mA/cm2  to  60  mA/cm2,  corresponding  to  a  total 
extracted  current  of  100  epA  to  2  emA),  as  verified 
experimentally.  The  extraction  system  and  the  two  einzel 
lenses  are  mounted  on  a  single  flange  to  ensure  a  proper 
alignment. 


3  OFF-LINE  ION  SOURCE  TESTS 

3.1  Multicusp  Ion  Source 

A  detailed  description  of  the  RF  driven  multicusp  ion 
source  used  in  this  study,  together  with  its  basic 
characteristics  can  be  found  elsewhere  [2],  The  main 
concerns  with  this  type  of  ion  source  with  respect  to  the 
production  of  radioactive  ion  beams  are  the  relative  high 
operation  pressure  as  well  as  the  reliability  of  the  ion 
source. 

Ionization  efficiencies  were  measured  off-line  for  singly 
charged  argon,  oxygen,  carbon,  and  carbon  monoxide  ions 
using  calibrated  leaks.  The  maximum  ionization 
efficiencies  for  all  measured  species  are  summarized  in 
Table  1.  The  experimental  gas  hold  up  time  is  described 
by  the  exponential  fit  Aexp(-t/T(aJ+Bexp(-t/xslow).  The 
fast  component  describes  the  holdup  time  of  the  ions  in 
the  plasma,  the  slow  component  is  related  to  the  wall 
sticking  time.  The  signal  drops  to  about  70  %  within  the 
time  xlm. 

Table  1 :  Ionization  efficiencies  and  hold  up  times  for 

singly  charged  oxygen  and  carbon  produced  by 
RF  driven  cusp  ion  source. 


ion 

calibrated  leaks 

CO  Tr«. 

%  (sec) 

02 

%  (sec) 

Ar  xfw 

%  (sec 

o+ 

0.7  42 

0.7  36 

c+ 

0.33  13 

CO+ 

1  17 

Ar+ 

26.3  6 

Whereas  a  promising  ionization  efficiency  of  up  to  26.3% 
and  a  gas  hold-up  time  of  6  seconds  have  been  measured 
for  argon,  the  ionization  efficiencies  for  CO4  and  0+  are 
much  lower.  With  the  cusp  source  the  best  efficiencies 
achieved  have  been  1  %  for  CO+,  0.7  %  for  0+  and  0.33  % 
for  C*.  In  general  rather  long  ion  hold-up  times  have  been 
observed,  the  longest  has  been  measured  for  O4. 
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The  discrepancy  between  the  argon  efficiencies  and  the 
carbon  or  oxygen  efficiencies  may  be  explained  by  the 
differences  in  the  plasma  wall  sticking  probabilities. 
Noble  gases  can  be  recycled  into  the  plasma,  explaining 
the  high  efficiency  for  argon.  On  the  contrary,  carbon  and 
oxygen  tend  to  stick  at  the  plasma  chamber  wall,  leading 
to  low  source  efficiencies  in  the  cusp  ion  source. 

The  average  ion  source  lifetime  for  the  above  mentioned 
performance  tests  was  about  15  hours,  limited  by  the 
failure  of  the  porcelain-coated  copper  antenna. 

3.2  AECR-U  Ion  Source 

A  detailed  description  of  the  AECR-U  ion  source 
(Advanced  Electron  Cyclotron  Resonance-upgrade)  can 
be  found  elsewhere  [3],  The  source  is  optimized  for 
production  of  high  charge  state  ions.  Ionization 
efficiencies  and  gas  hold-up  times  for  high  charge  state 
ions  have  been  measured  with  the  LBNL  AECR-U  ion 
source  for  various  gases  [5]. 

Listed  in  Table  2  are  the  ionization  efficiencies  and  decay 
times  of  various  high  charge  state  ion  beams  from  CO, 
CO2  and  O2.  These  gases  may  react  with  or  stick  to  the 
plasma  chamber  surface  made  of  aluminum.  Nevertheless 
efficiencies  of  up  to  25%  were  achieved  for  C*+,  33%  for 
06+  and  more  than  10%  for  C^+  and  0^+.  The  shortest 
gas  hold  up  time  has  been  measured  for  ions  produced 
from  CO,  which  behaves  as  a  noble  gas  prior  to 
dissociation. 


Table  2:  Ionization  efficiencies  and  hold  up  times  for 
selected  charge  states  of  oxygen  and  carbon 
produced  by  the  LBNL  AECR-U  ion  source. 


ion 

calibrated  leaks 

CO  Tr«< 

%  (sec) 

CO, 

%  (sec) 

02  Trast 

%  (sec) 

03+ 

3.9 

04+ 

8 

q5+ 

11.5  3.2 

12.5 

11.3  4.7 

q6+ 

26.3  3.2 

33  7.1 

16.0 

o7+ 

7.5  3.2 

7.44 

5.6 

C4+ 

23.7  2.9 

23.4  5.6 

c5+ 

2.9 

15.4 

4  IRIS  ECR  ION  SOURCE 

A  compact  ECR  ion  source  IRIS  (Ion  source  for 
Radioactive  ISotopes)  shown  in  Figure  3,  has  been 
installed  on  the  radioactive  ion  beam  test  stand,  replacing 
the  multicusp  ion  source.  An  existing  2.45  GHz  ECR  ion 
source  [6]  was  upgraded  for  6.4  GHz  microwave 
operation.  The  mirror  field  was  improved  to  reach  a 
maximum  field  of  0.7  Tesla  at  the  injection  and  0.4  Tesla 
at  the  extraction.  At  the  plasma  chamber-wall  the  sextu- 
pole-field  strength  reaches  0.32  Tesla. 

The  ion  source  consists  of  one  plasma  stage  only.  The 
microwaves  are  launched  through  an  off-axis  wave-guide 
terminated  at  a  bias  plate  in  the  injection  region.  The 
aluminum  plasma  chamber  has  a  diameter  of  13.5  cm  and 
the  mirror  length  is  28.3  cm,  providing  a  relatively  large 
plasma  volume  of  5  liters.  The  plasma  chamber  is  double- 
walled  to  accommodate  cooling  water. 

IRIS  is  expected  to  start  operation  in  the  beginning  of 
April. 


Water  Cooling 


5  REFERENCES 


[1]  D.  Wutte,  J.  Burke,  B.  Fujikawa,  P.  Vetter,  S.J.  Freedman,  R.A. 
Gough,  C.  M.  Lyneis,  Z.  Q.  Xie,  Development  of  a  radioactive 
ion  beam  test  stand  at  LBNL,  Proceedings  of  the  Heavy  Ion 
Accelerator  Technology  Conference  (HLAT’98),  Argonne 
National  Laboratory,  Dlinois,  USA,  5-10  October  1998 

[2]  Wutte  D.C.,  S.  Freedman,  R.A.  Gough,  Y.  Lee,  M.  Leitner,  K.  N. 
Leung,  C.M.  Lyneis,  D.S.  Pickard,  M.  D.  Williams,  Z.  Q.  Xie, 
NIMB  42  (1998) 

[3]  Z.  Q.  Xie  and  C.  M.  Lyneis,  Proceedings  of  the  13*  International 
Workshop  on  ECR  Ion  Sources,  Texas  A&M,  College  Station, 
USA,  16  (1997). 

[4]  R.  Becker,  W.  B.  Hermannsfeldt,  RSI  63,  2756  (1991) 

[5]  Z.  Q.  Xie,  D.  Wutte,  C.  M.  Lyneis,  to  be  published 

[6]  D.  C.  Wutte,  M.  A.  Leitner,  M.  D.  Williams,  K.  N.  Leung,  R.  A. 
Gough,  RSI  69,  712  (1998) 


1954 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


STATUS  OF  THE  REX-ISOLDE  PROJECT* 


R.  von  Hahn’.  M.  Grieser,  H.  Podlech,  R.  Repnow,  D.  Schwalm 
Max-Planck-Institut  fur  Kemphysik,  Heidelberg,  Germany 
H.  Bongers,  D.  Habs,  O.  Kester,  T.  Sieber,  K.  Rudolph,  P.  Thirolf 
LMU  Miinchen,  Garching,  Germany 
A.  Schempp,  Universitat  Frankfurt,  Frankfurt,  Germany 
F.  Ames,  G.  Bollen,  I.  Deloose,  CERN,  Geneva,  Switzerland 
U.  Ratzinger,  GSI,  Darmstadt,  Germany 

L.  Liljeby,  K.G.  Rensfelt,  F.  Wenander,  Manne  Siegbahn  Institute  of  Physics,  Stockholm,  Sweden 
P.  van  Duppen,  Instituut  voor  Kern-  en  Stralingsfysica,  Leuven,  Belgium 
G.  Walter,  Unversite  Louis  Pasteur,  Strasbourg,  France 
A.  Richter,  TU  Darmstadt,  Germany 
A.  Ostrowski,  A.  Schotter,  University  of  Edinburgh,  Great  Britain 
and  the  REX-ISOLDE  collaboration 

Abstract  and  2.2  MeV/u.  The  LINAC  consists  of  a  radio  frequency 


The  Radioactive  beam  Experiment  REX-ISOLDE,  a  pilot 
experiment  testing  a  new  concept  of  post  acceleration  of 
radioactive  ions  at  ISOLDE/CERN  is  in  progress.  Singly 
charged  radioactive  ions  delivered  by  the  online  mass  sep¬ 
arator  ISOLDE  are  accumulated  in  a  Penning  trap  (REX 
trap),  charge  bred  in  an  electron  beam  ion  source  (EBIS), 
separated  from  the  residual  gas  in  a  mass  separator  and  then 
accelerated  in  a  Linac  with  output  energies  between  0.8  and 
2.2  MeV/u. 

The  REX  trap  is  in  operation,  a  first  test  beam  was  al¬ 
ready  injected.  The  design  phase  of  the  EBIS  is  finished 
and  the  construction  has  been  started.  The  superconducting 
magnet  is  delivered. 

The  Linac  consists  of  a  radio  frequency  quadrupole 
(RFQ)  accelerator,  an  interdigital  IH-structure  and  3  seven 
gap  resonators  to  vary  the  final  energy.  The  RFQ  is  assem¬ 
bled  and  vacuum  tested,  a  beam  test  for  the  RFQ  is  in  prepa¬ 
ration.  The  vacuum  tank  of  the  IH-structure  is  machined, 
the  assembly  of  the  resonator  has  started.  The  first  2  seven 
gap  resonators  of  the  high  energy  section  are  finished  and 
ready  for  power  tests,  the  last  one  is  ready  for  assembly. 

1  INTRODUCTION 

The  Radioactive  beam  Experiment  (REX-ISOLDE)  at 
ISOLDE/CERN  [1,  2,  3]  is  under  progress,  first  hardware 
components  are  completed  and  some  tests  of  the  com¬ 
ponents  were  performed.  In  the  experiment  the  radioac¬ 
tive  ions  of  charge  1+  from  the  on-line  mass  separator 
ISOLDE  will  be  cooled  and  bunched  in  a  Penning  trap 
(REX  trap),  charge  bred  in  an  electron  beam  ion  source 
(EBIS),  separated  from  the  residual  gas  ions  and  finally  ac¬ 
celerated  in  a  short  LINAC  to  a  target  energy  between  0.8 
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quadrupole  (RFQ)  accelerator,  which  accelerates  the  ions 
up  to  0.3  MeV/u,  an  interdigital  H-type  (IH)  structure  with 
a  final  energy  between  1.1  and  1.2  MeV/u  and  three  seven 
gap  resonators,  which  allow  the  variation  of  the  final  en¬ 
ergy.  All  components  of  the  experiment  are  either  in  pro¬ 
duction  or  undergo  first  test  measurements.  The  lay-out  of 
REX-ISOLDE  is  shown  in  fig.  1. 

2  REX  TRAP 

The  Penning  trap  is  fed  from  the  ISOLDE  main  beam  line 
where  the  beam  axis  is  1 .27  m  above  the  floor.  The  Penning 
trap  is  fully  assembled  on  a  60  kV  high  voltage  platform  in¬ 
cluding  the  differential  pumping  stages  which  ensure  good 
vacuum  conditions  in  the  beam  line.  High  tension  tests  with 
the  equipment  and  first  tests  of  ion  injection  into  the  trap 
have  been  carried  out  in  order  to  investigate  the  injection 
optic  [4].  The  electrode  structure  consisting  of  gold  plated 
copper  rings  isolated  by  ceramic  spacers  is  assembled  and 
installed  in  the  solenoid  bore.  The  central  field  strength  is  3 
T  and  the  gas  pressure  inside  the  trap  10~3  mbar  for  rest  gas 
cooling.  A  plasma  ion  source  has  been  installed  to  test  the 
ion  capture  with  a  stable  60  keV  40Ar+  beam.  These  cap¬ 
ture  tests  were  done  in  the  beginning  of  1999  and  the  first 
ions  were  trapped.  A  new  shielding  due  to  charging  of  the 
insulators  are  installed  and  will  be  tested  in  the  near  future. 
The  singly  charged  ions  will  be  extracted  from  the  trap  with 
a  typical  bunch  length  of  10  /is  every  20  ms  and  accelerated 
to  60  keV. 

3  EBIS 

In  the  EBIS  the  ions  are  bombarded  by  a  0.5  A,  5  keV  elec¬ 
tron  beam  with  a  current  density  of  about  200  A/cm2  [5]. 
In  the  EBIS  the  ions  will  be  charge  bred  in  about  15  ms  to 
a  charge  to  mass  ratio  between  0.22  and  0.34,  which  is  well 
suited  for  the  mass  separator  and  the  LINAC.  After  several 
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Figure  1 :  Lay-out  of  the  REX-ISOLDE  experiment 


repairs  of  the  REX-EBIS  solenoid  by  the  manufacturer  due 
to  damages  occurring  during  quench  tests,  the  EBIS  mag¬ 
net  is  now  back  at  CERN  and  ready  for  operation.  The  vac¬ 
uum  system  is  completed  and  being  assembled  at  Stock¬ 
holm.  The  electron  gun,  the  collector  and  the  electrode  sys¬ 
tem  are  completed  and  will  be  shipped  to  CERN.  As  shown 
in  fig.  1  the  EBIS  rests  on  a  platform  above  the  trap.  This 
platform  has  been  completed  and  the  high  voltage  platform 
for  the  EBIS  has  been  mounted  on  top  of  that  support. 

4  MASS  SEPARATOR 

The  S-shaped  beam  line  between  the  EBIS  and  the  LINAC 
consists  of  a  mass  separator  [6]  to  separate  the  few  highly- 
charged  radioactive  ions  from  ions  originating  from  the 
residual  gas.  The  deflecting  magnet  has  been  ordered  and 
the  construction  of  the  electrostatic  elements  has  been  com¬ 
pleted.  The  electrostatic  lenses  are  now  in  production.  The 
massive  ridge  which  carries  the  electrostatic  deflector  and 
the  vertical  beam  line  of  the  separator  (fig.  1)  will  be 
mounted  to  the  same  concrete  tower  which  carries  the  trap- 
EBIS  transfer  beam  line. 

5  LINAC 

The  RFQ  is  the  first  structure  of  the  LINAC  [7],  It  is 
now  fully  assembled,  which  means  the  water  cooled  ground 
plates,  the  stems  and  the  mini-vane  like  quadrupole  elec¬ 
trodes  are  mounted  in  the  tank  and  the  capacitive  plungers 
are  installed,  cabled  and  tested.  The  vacuum  system  has 
been  installed  and  first  vacuum  tests  have  been  performed. 
Low  level  frequency  tuning  and  flatness  measurements 
have  been  done.  Alignment  of  the  electrodes,  final  adjust¬ 
ment  of  the  voltage  flatness  and  the  installation  of  the  in¬ 
coupling  loop  are  presently  being  performed. 

The  IH-structure  of  REX-ISOLDE  [8]  is  a  short  version 
of  the  IH-tankl  of  the  CERN  LINAC  III  [9]  and  consists 
of  a  center  frame  which  carries  the  drift  tubes  and  two  half 


shells  carrying  cooling  jackets.  The  first  acceleration  sec¬ 
tion  is  followed  by  an  inner  tank  quadrupole  triplet  lens, 
which  has  been  delivered  and  will  be  installed  after  some 
test  measurements  and  the  delivery  of  the  IH-vacuum  tank. 
The  drift  tubes  and  the  stems  are  completed  and  are  now 
beeing  copper  plated  together  with  the  IH-vacuum  tank. 
The  piston  tuners  are  in  production.  The  change  of  the  fi¬ 
nal  energy  of  the  IH-structure  via  the  piston  tuners  has  been 
examined  once  more  by  a  detailed  MAFIA  model  of  the 
power  resonator.  The  calculations  are  in  very  good  agree¬ 
ment  with  measurements  taken  from  the  vacuum  tank  of  the 
power  resonator  and  show  the  required  tuning  by  changing 
the  half  shell  height  [10], 

The  production  of  the  three  seven  gap  spiral  resonators 
forming  the  back  part  of  the  LINAC  [11]  is  almost  finished. 
The  design  velocities  of  the  resonators  were  fixed  to  5.4%, 
6.0%  and  6.6%  of  the  velocity  of  light  and  the  field  opti¬ 
mization  at  the  operation  frequency  of  the  power  amplifiers 
(f=  10 1.28  MHz)  of  the  three  down  scaled  models  resulted 
in  an  achievable  resonator  voltage  of  1 .75  MV  at  90  kW  in- 
coupled  rf  power. The  5.4%  und  6.0%  power  resonators  are 
finished  and  ready  for  high  power  rf  and  beam  tests.  Fig.  2 
presents  a  view  inside  the  resonator.  The  resonance  struc¬ 
ture  is  connected  to  the  tank  via  three  stems,  in  which  the 
copper  hollow  profiles  for  the  cooling  of  the  arms  and  the 
drift  tubes  are  brazed  together.  Fine  tuning  is  done  with  a 
tuning  plate.  With  segments  connected  on  the  half  shell  the 
so  called  rough  tuning  to  101.28  MHz  is  done.  The  res¬ 
onator  is  seen  here  on  a  test  bench  where  the  low  level  rf 
measurements  were  done. 

The  6.6%  resonator  is  assembled,  the  tuning  to  the  am¬ 
plifier  frequency  of  101.28  MHz  is  presently  done. 

So  far  low  level  RF  measurements  have  been  performed 
with  the  5.4%  and  6.0%  resonator  yielding  parameters 
shown  in  table  1 .  In  particular,  these  measurements  show 
that  a  resonator  voltage  of  1 .9  MV  can  be  expected  with  a 
rf  power  of  90  kW,  which  is  safely  above  the  design  volt¬ 
age  of  1 .75  MV.  As  the  first  out  of  three  rf  power  amplifiers 
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Figure  2:  The  5.4%  power  type  resonator 


providing  100  kW  with  a  duty  factor  of  10%  has  been  de¬ 
livered  in  December  1998,  high  power  and  beam  tests  have 
now  been  started.  The  second  rf  amplifier  is  in  production 
and  will  be  delivered  directly  to  Munich.  The  residual  three 
rf  power  amplifiers  will  be  completed  until  end  of  1999  and 
delivered  directly  to  CERN. 

The  set  up  of  the  fully  tested  7-gap-resonators  at  CERN 
is  planned  to  take  place  in  autumn  1999. 


parameter 

5.4%  resonator 

6.0%  resonator 

f  [MHz] 

101.28 

101.28 

Q-value 

5620  ±  50 

5420  ±  50 

Z  [Mfi/m] 

71  ±6 

68  ±5 

Uo  [MV] 

1.9  ±0.1 

1.9  ±0.1 

Table  1 :  Measured  parameters  of  the  5.4%  and  6. 0%  power 
type  resonators,  f = frequency,  Z  =  shunt  impedance,  Uo  is 
the  expected  resonator  voltage  reached  with  an  rf  power  of 
90  kW. 


6  TARGET 

The  MINIBALL  7-detector  array  [12]  consists  of  a  new 
generation  of  Ge-detectors  with  large  full-energy  peak  effi¬ 
ciency  to  make  an  optimum  use  of  the  expensive  radioactive 
beams.  With  its  compact  arrangement  it  is  mainly  suited  for 
detecting  events  with  small  7-ray  multiplicities.  In  the  final 
system  the  array  will  consist  of  14  clusters  with  3  individu¬ 
ally  encapsulated  6-fold  segmented  Ge-detectors.  A  proto¬ 
type  has  been  tested  and  have  shown  resolutions  around  2. 1 
keV  at  1 .33  MeV  7-energy.  6  Clusters  are  expected  to  be 
operational  when  REX-ISOLDE  starts  operation.  The  elec¬ 
tronics  for  MINIBALL  will  be  purchased  from  the  com¬ 
pany  XIA;  in  contrast  to  former  Ge-detector  electronics, 
all  analog  circuits  are  replaced  by  digital  electronics  using 


flash  ADC’s  and  DSP’s.  The  target  chamber  is  completed 
and  has  been  vacuum  tested.  Prototypes  of  the  particle  de¬ 
tectors  (double  sided  silicon  strip  detector  DSSSD)  have 
been  produced  and  tested  with  an  alpha-source. 
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Abstract 

The  design  of  the  Spallation  Neutron  Source  (SNS) 
prototype  low-energy  beam  transport  ( LEBT)  system  is 
discussed.  This  LEBT  must  transfer  35  mA  of  H'  current 
from  the  ion  source  outlet  aperture  to  the  entrance  of  the 
radio-frequency  quadrupole  ( RFQ ).  The  plasma  generator 
is  a  radio  frequency-driven  multicusp  source,  operated  at 
6%  duty  factor  (1  ms,  60  Hz).  The  entire  LEBT 
configuration  is  electrostatic,  with  a  high-voltage 
extraction  gap  followed  by  two  sets  of  einzel  lenses.  The 
second  einzel  lens  will  be  split  into  four  quadrants  to 
permit  the  application  of  transverse  steering  and  beam 
chopping  fields.  The  H*  ion  source  emits  a  gas  flow  into 
the  LEBT  that  must  be  efficiently  pumped  to  reduce 
stripping  losses  of  the  H~  ions.  Therefore,  an  efficient 
electrode  design  is  incorporated  to  reduce  the  gas  pressure 
between  the  electrodes.  Alignment  requirements  and 
related  issues  will  also  be  discussed. 

1  INTRODUCTION 

The  Spallation  Neutron  Source  front  end  systems,  being 
built  at  the  Lawrence  Berkeley  National  Laboratory 
(LBNL),  must  supply  a  2.5  MeV,  28  mA  H‘  beam  at  6% 
duty  factor  to  a  lGeV  linac  that  injects  into  an 
accumulating  ring.  This  ring  then  delivers  a  1  MW 
average  beam  power  to  a  neutron  production  target  at  60 
Hz.  This  paper  discusses  the  design  of  the  low  energy 
beam  transport  (LEBT)  line  of  the  front  end  accelerator 
system. 

2  REQUIREMENTS 

The  LEBT  is  designed  to  transport  35  mA  of  a  65  keV  H' 
beam  from  an  rf-driven  source  to  the  RFQ,  operating  at  a 
6%  duty  factor.  It  must  match  the  beam  to  the  RFQ 
entrance  with  a  normalized  emittance  of  less  than  0.15  n 
mm*mrad  and  Twiss  parameters,  a=  1.6,  and  p  =  6.5  cm. 
The  entire  LEBT  is  electrostatic,  with  a  high-voltage  (-80 
kV)  extraction  gap  and  an  einzel  lens  configuration  with 
beam  chopping  and  steering  capabilities  incorporated  into 
the  second  (G5)  lens  electrode.  The  entire  package  is 
approximately  10  cm  in  length.  Figure  1  shows  a  cross- 
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Figure  1.  Cross  section  of  the  LEBT  electrodes, 
with  the  ion  source  outlet  aperture,  electron  dump, 
and  RFQ  endwall. 


section  of  the  lens  configuration.  Because  of  the  limited 
space,  voltage  holding  and  creepage  length  along  the 
surface  of  insulators  must  be  taken  into  consideration. 
Table  1  summarizes  the  design  parameters  used.  In 
addition,  alignment  for  these  electrodes  must  be  held  to  a 
±0.05  mm  tolerance  in  the  radial  direction,  and  ±0.1  mm 
in  the  z  (beam)  direction. 


Table  1.  Criteria  for  voltage  holding  used, 
♦units  of  d  are  cm,  units  of  U  are  kV 


in  Vacuum 

in  Air 

Gap: 

*  d-  (0.0141I/3/2)/ 10 

10  kV/cm 

Inst.  Surface: 

15  kV/cm 

8  kV/cm 

3  ELECTRODE  DESIGN 

3.1  Extractor  Electrode 

The  extractor  electrode  consists  of  three  sub-parts:  the 
main  stainless-steel  "spider-arm”,  a  retainer  ring,  and  the 
aperture  insert  held  in  place  by  the  ring  (see  Figure  1 ). 
The  aperture  insert  is  replaceable  in  case  of  accidental 
damage  by  hitting  of  the  beam  particles.  Therefore,  the 
aperture  is  designed  to  be  accessible  and  replaceable 
without  affecting  the  alignment  of  the  entire  LEBT 
assembly.  We  will  use  copper,  as  opposed  to  stainless 
steel,  for  the  insert  material  because  of  its  excellent 
thermal  conductivity.  We  will  also  consider  other 
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materials,  such  as  a  70%/30%  tungsten-copper  sintered 
material,  which  combines  tungsten’s  structural  integrity 
with  copper’s  thermal  properties. 

3.2  G3  and  G5  Einzel  Lenses 

The  LEBT  matching  section  consists  of  two  “pseudo”- 
einzel  lenses:  the  aperture  G3  and  the  split  G5  lens.  G5 
is  used  for  fast  beam  chopping!  1].  The  inner  diameter  of 
this  lens  has  to  be  very  narrow  in  order  to  achieve 
sufficient  beam  deflection  with  the  available  chopper 
power  supplies.  This  contradicts  the  general  rule  that  a 
small  lens  filling-factor  (beam  diameter/inner  lens 
diameter)  is  requited  for  good  ion  optics.  Ion  optics 
simulations  have  been  performed  to  minimize  beam 
emittance-growth  due  to  aberrations  caused  by  the  lens 
configuration^].  Figure  2  shows  a  Simlon  3D 
simulation  of  the  H'  beam  passing  through  the  LEBT. 
We  have  used  the  ion  optics  codes  KOBRA  3D,  IGUN[3] 
and  AXCEL  to  optimize  the  LEBT  lens  arrangement. 


Figure  2.  SIMION  3D  simulation  of  the  beam  passing 
through  the  LEBT  to  the  RFQ. 


To  allow  beam  chopping  as  well  as  beam  steering  in 
the  x-  and  y-directions  lens  G5  has  been  designed  as  a 
four-segmented  aperture.  It  will  be  fabricated  as  a  single 
piece  with  alignment  holes  drilled  prior  to  wire-edm 
machining  into  the  four  segments.  The  pieces  are  then 
pinned  with  ceramic  standoffs  for  voltage  holding  of  5  kV 
max.  A  further  discussion  of  its  function  can  be  seen  in 
[1]. 

3.3  Ground  Electrode 

The  electrode  G4  has  been  designated  as  the  main  support 
structure,  since  it  is  fixed  at  ground  potential.  All  other 
electrodes  will  be  bench-mounted  and  pre-aligned  to  it. 
This  whole,  monolithic  LEBT  package  facilitates  easier 
alignment  to  the  RFQ  and  ion  source  since  now  only  one 
single  component  has  to  be  adjusted.  Figure  3  shows  a 
blow-up  assembly  of  the  LEBT  electrodes. 


Figure  3.  Blow-apart  view  of  the  LEBT  electrode 
assembly. 

4  THE  ELECTRODE  ASSEMBLY 


The  whole  LEBT  assembly  is  mounted  to  the  ion  source 
re-entrant  cylinder  as  shown  in  Figure  4a.  A  three-point 
mounting  scheme  is  employed  with  ceramic  insulator 
posts  standing  between  the  ion  source  re-entrant  cylinder 
biased  at  -65  kV  and  the  electrode  G4  on  ground  potential. 
Each  electrode  is  held  in  place  by  using  similar  three 
ceramic  post  standoffs.  Each  standoff  is  shielded  from  a 
direct  line  of  sight  to  the  ion  beam  in  older  to  prevent 
coating  of,  or  sputtering  on  the  insulator  surfaces. 


(a)  (b) 

Figure  4.  (a)  LEBT  assembly  mounted  to  the 
source  re-entrant  cylinder,  and  (b)  in  a  conceptual 


vacuum  vessel. 

The  stainless-steel  shields  are  glued  to  the  ceramic 
standoffs  with  epoxy.  The  electrodes  are  then  screwed  to 
the  metal  shields.  2  mm  shims  are  used  in  some 
locations  to  compensate  for  misalignment  during  the 
fabrication  process. 

Tests  were  conducted  on  two  critical  standoffs:  the 
main  standoff  from  the  -65  kV  source  potential  to  the 
ground  (G4)  lens,  and  the  standoff  from  ground  to  the  -55 
kV  chopper  lens  (G4  to  G5),  see  Figure  5.  The  inside 
geometry  of  the  shields  was  fabricated  and  each  assembly 
was  hi-potted.  Both  tests  were  successful:  the  standoffs 
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Figure  5.  Insulator  standoffs  prior  to  testing. 
Shown  are  (left)  the  chopper  to  ground  (G5-G4) 
insulators,  and  (right)  the  main  insulator  (main 
support  to  -65  kV  source  potential 

held  15%  more  than  their  design  voltages  after  minimal 
conditioning. 


5  VACUUM  VESSEL 


A  noticeable  departure  of  this  design  from  traditional 
LEBT  structures  is  the  lack  of  gradient  rings  and  stacked 
insulators.  The  main  insulator  will  be  a  cast  silica-filled 
epoxy  structure,  insulating  the  ion  source  re-entrant 
cylinder  at  -65  kV  from  the  ground  potential  of  the 
vacuum  vessel.  Its  cross-sectional  shape  is  similar  to  a 
horizontal  “S”  and  is  shown  in  Figure  6.  Besides  reducing 
the  length  of  the  ion-source  re-entrant  cylinder,  this  design 
also  provides  a  wider-open  geometry  for  improved 
pumping. 

Triple-point  protection  consists  of  a  brass  screen  that  is 
cast  into  the  epoxy,  allowing  the  thread  inserts  for  the 
mounting  bolts  to  remain  in  a  field-free  region  at  the 
source  re-entrant  cylinder  flange.  The  flange  at  ground 
potential  is  of  a  Kofoid  design[4].  ANSYS  finite  element 
simlulations  verified  electrical  potentials  and  gradients, 
and  RASNA  finite  element  runs  have  been  used  to 
determine  the  structural  loading.  Deflection  tests  will  also 
be  performed  on  this  insulator  under  vacuum  loading  to 
determine  the  amount  of  shim  necessary  for  correct 
alignment  of  the  LEBT  assembly. 

The  vacuum  vessel  consists  of  a  3/16”  thick  stainless- 
steel  chamber,  28”  diameter  by  9”  deep,  with  three  10” 
pumping  ports  and  high-voltage  feedthroughs  for  the 


High-voltage  feedthru 


RFQ  Endwall 


Figure  6.  The  LEBT  assembly  in  a  conceptual 
view  of  the  vacuum  vessel. 


LEBT  electrodes.  See  Figure  4b  for  a  conceptual  view  of 
the  vessel  containing  the  LEBT. 

The  main  LEBT-assembly  flange  is  movable  under 
vacuum  load.  This  allows  on-line  alignment  of  the  ion 
source  and  the  LEBT  as  an  entire  package  to  the  RFQ 
entrance  aperture.  Screw-jacks  will  be  mounted  to  the 
main  insulator  flange  in  the  x-  and  y-directions,  and  will 
be  manually  actuated  with  long  shafts.  The  movement 
under  vacuum  load  is  accomplished  by  using  an  O-ring 
seal  and  friction-free  teflon-impregnated  pads  upon  which 
the  flange  rests.  The  weight  of  the  ion  source/LEBT 
package  is  held  by  flange  bolts  mounted  on  Belleville 
washers,  which  are  tightened  to  a  degree  that  allows 
movement  without  loosening  the  bolts. 

6  FABRICATION 

Detail  design  of  the  LEBT  components  is  in  progress; 
fabrication  will  start  in  the  beginning  of  April  1999.  The 
LEBT  is  scheduled  to  come  on-line  along  with  the  ion 
source  and  a  prototype  section  of  the  RFQ  for  testing  in 
the  summer  of  1999. 
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Abstract 

The  Spallation  Neutron  Source  front  end  incorporates  a 
beam  chopper  in  the  LEBT  that  will  remove  a  295  ns  sec¬ 
tion  of  beam  at  a  1.1 18  MHz  rate  (65%  transmission)  with 
less  than  50  ns  rise/falltime.  The  H_  beam  pulse  length 
is  one  ms  at  a  60-Hz  rate  (6%  duty  factor).  The  LEBT 
is  all-electrostatic,  and  the  chopper  incorporates  four  3-kV 
solid-state  switches  driving  an  einzel  lens,  split  into  quad¬ 
rants,  with  a  4-phase  chopping  waveform.  The  suppressed 
beam  is  targeted  on  a  four-segment  Faraday  cup  which  pro¬ 
vides  on-line  intensity  and  steering  diagnostics.  Results  of 
proton  beam  tests  will  be  reported. 

1  BEAM  REQUIREMENTS 

The  Spallation  Neutron  Source  (SNS)  comprises  a  1-GeV 
H“  linac  injecting  a  storage  ring  with  a  1  ms  injection  time 
and  single-turn  extraction,  operating  at  60  Hz[l].  During 
the  1  ms  injection  into  the  ring,  approximately  1200  turns 
are  accumulated.  To  reduce  the  activation  of  the  extraction 
Lambertson  septum  magnet,  a  295  ns  notch  is  introduced 
in  the  injected  beam  by  two  sets  of  choppers,  operating  at 
the  ring  revolution  frequency  of  1.188  MHz. 

2  IMPLEMENTATION 
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Figure  1:  Waveforms  to  Deflector 


The  first  chopper  stage  is  at  the  end  of  the  65-keV 
all-electrostatic  LEBT[2],  followed  by  a  fast-rise  clean-up 
chopper  at  2.5  MeV.  The  LEBT  chopper  is  included  as  a 
modification  of  the  second  LEBT  einzel  lens,  which  is  split 
azimuthally  into  four  quadrants.  A  four-phase  chopping 

*  This  research  is  sponsored  by  the  Director,  Office  of  Energy  Re¬ 
search,  Office  of  Basic  Energy  Sciences,  of  the  U.  S.  Department  of  En¬ 
ergy,  under  Contract  No.  DE-AC03-76SF00098. 


waveform  on  the  four  segments  deflects  the  beam  sequen¬ 
tially  in  four  directions,  shown  in  Figure  1 ,  creating  the  295 
ns  gaps  in  the  1  ms  beam  pulse.  The  four  electrode  seg¬ 
ments  are  each  independently  pulsed  to  ±  3  kV  by  solid- 
state  switches,  deflecting  the  beam  sequentially  along  each 
of  the  45  degree  diagonals.  The  solid-state  switches  have 
active  pull-up  and  pull-down,  providing  a  less-than  50  ns 
chopping  transitions. 

Figure  2  shows  an  early  version  of  the  split  einzel  elec¬ 
trode. 


Figure  2:  Split  Chopper  Electrode 

The  beam  is  targeted  onto  a  diagnostic  plate,  split  along 
the  diagonals  similar  to  the  chopping  electrode  itself,  in  the 
wall  common  to  the  end  of  the  LEBT  and  the  start  of  the 
RFQ.  The  four  segments  of  the  target  electrode  are  electri¬ 
cally  isolated  and  water  cooled,  serving  as  a  beam  current 
diagnostic  and  a  beam  steering  diagnostic.  For  a  65  keV, 
35  mA  H_  beam  with  a  65%  duty  factor  and  with  35%  of 
the  current  removed  by  the  1.188  MHz  chopper,  the  total 
average  power  dissipated  on  the  target  is  48  watts. 

Angular  beam  steering  is  provided  by  a  symmetric  d-c 
bias  on  each  segment  of  up  to  ±  1  kV.  Beam  position  steer¬ 
ing  is  provided  by  physically  moving  the  entire  ion  source 
and  LEBT  relative  to  the  RFQ  and  the  diagnostic  plate  on 
a  sliding  vacuum  seal. 

3  ELECTRONICS 

The  key  electronic  component  of  the  LEBT  chopper  sys¬ 
tem  is  the  solid-state  ±3  kV  bipolar  switch.  This  switch  is 
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Figure  3:  Chopper  Block  Diagram 


a  modified  version  of  a  standard  product  from  Directed  En¬ 
ergy  Inc.[3].  The  DEI  design  provides  rise  and  fall  times  of 
less  than  60  ns  and  a  duty  cycle  of  up  to  12%  at  60  Hz  for 
up  to  a  2  ms  burst.  The  switch  design  is  protected  against 
load  faults  (sparking)  and  mis-timed  or  incorrect  gating  of 
the  positive  and  negative  gate  inputs. 

The  major  internal  power  dissipation  of  the  solid-state 
switches  occurs  at  the  voltage  transitions.  The  average 
power  dissipation  is  less  than  450  watts  per  switch  at  a  12% 
duty  cycle. 

Figure  3  shows  the  control  logic  used  during  the  test 
phase.  Figure  4  shows  a  detail  of  the  actual  equipment: 
two  of  the  four  DEI  bipolar  solid-state  switches,  topped  by 
a  four-phase  waveform  generator. 


Figure  4:  Chopper  Switches  and  Driving  Electronics 

The  electronics  used  during  the  test  phase  includes  a  se¬ 
ries  of  delay/gate  generators  and  a  4-phase  generator  that 
drive  the  inputs  of  the  DEI  switches.  The  high-voltage 
bipolar  output  is  delivered  to  the  electrodes  via  coupling 
capacitors,  allowing  the  switches  to  be  at  ground  potential, 


isolated  from  the  steering  offset  and  accelerating  potentials. 
The  rise  and  fall  times  are  specified  for  a  load  capacitance 
of  1 00  pf  along  with  a  four-foot  length  of  coax  interconnect 
cabling  of  an  additional  100  pf. 
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Figure  5:  Deflection  Waveforms,  Beam  Current,  500  ns/div 


4  PROOF  OF  PRINCIPLE 

A  proof-of-principle  test  has  been  conducted  on  a  40  keV 
proton  injector  that  includes  all  the  elements  in  the  SNS 
source/LEBT  design:  an  r.f. -driven  multicusp  ion  source 
and  a  two-einzel  lens  all-electrostatic  LEBT.  The  LEBT  is 
followed  by  an  aperture  plate  and  a  fast  50-ohm  Faraday 
cup. 
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Figure  6:  Deflection  Waveforms,  Beam  Current,  50  ns/div 

Figure  5  shows  the  beam  current  (upper  trace)  and  the 
chopping  potentials  on  two  adjacent  chopper  segments 
(lower  traces)  at  500  ns/div.  The  peak  deflection  voltage 
is  ±2  kV  and  the  pulse  period  is  0.75  microseconds.  In 
Figure  6,  the  time  scale  is  expanded  to  50  ns/division  and 
the  chopping  voltage  increased  to  ±2.5  kV,  showing  the 
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risetime  (center)  is  less  than  50  ns,  and  the  beam  rise  and 
falltime  also  less  than  50  ns.  The  transit  time  of  the  beam 
through  the  last  einzel  electrode  is  12  ns,  which  sets  a  lower 
limit  of  the  chopping  transition  time. 

Note  in  Figure  5  that  the  chopped  beam  time  structure 
exhibits  no  subharmonic  of  the  chopping  frequency,  even 
though  the  beam  is  sequentially  chopped  in  four  directions. 
For  a  lower  chopping  voltage  where  the  beam  is  only  par¬ 
tially  chopped,  the  subharmonic  amplitude  of  the  partially 
chopped  current  is  a  sensitive  indication  of  beam  missteer- 
ing  on  the  chopping  aperture. 

5  SNS  CHOPPER  CONFIGURATION 

Figure  7  shows  a  cross-section  of  the  LEBT  electrodes, 
starting  at  the  plasma  generator  at  the  left  [4], [5],  [6]  and 
continuing  to  the  diagnostic  plate  (RFQ  endwall)  at  the 
right,  spanning  a  10  cm  total  length.  The  last  electrode 
(G5)  before  the  RFQ  endwall  is  the  split  deflection  elec¬ 
trode  that  also  acts  as  the  second  einzel  focusing  electrode. 


Figure  7:  LEBT  Electrode  Configuration 


together  layers  of  OFE  copper  and  contain  water  cooling 
passages  (not  shown)  surrounded  by  an  air  guard. 


Einzel  Lens  and 
Deflector,  G5 

RFQ  endwall  and 
Diagnostic  Plate,  G6 


RFQ 


Figure  9:  Deflecting  Electrode,  Diagnostic  Plate 

The  fully  operational  version  of  the  ion  source,  LEBT 
and  chopper  are  currently  being  manufactured  and  will  be 
tested  by  the  end  of  Summer  1999. 
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Figure  8  shows  a  three-dimensional  simulation  (Simlon) 
of  the  beam  deflection  by  the  chopper  electrode,  deflected 
toward  the  chopping  aperture  plate  (G6)  and  the  following 
RFQ[7],  In  the  final  configuration,  the  aperture  plate  hole 
radius  is  equal  to  the  envelope  radius  of  the  beam  passing 
through  it.  With  this  aperture  radius,  85%  of  the  deflected 
beam  will  be  lost  on  the  diagnostic  plate,  and  the  remaining 
15%  of  beam  will  be  deflected  between  the  RFQ  vanes  and 
will  not  be  accepted  for  acceleration  by  the  RFQ. 


Figure  8:  Deflected  Beam  Profile  (From  Simlon  Plot) 


Figure  9  shows  the  diagnostic  plate  detail  with  the  pick¬ 
up  electrodes  sandwiched  between  the  LEBT  ground  plane 
and  the  RFQ  end  plate.  The  diagnostic  plate  is  constructed 
of  layers  of  metal  and  thermally  conducting  epoxy,  one  mil¬ 
limeter  thick.  The  pick-up  electrodes  comprise  two  brazed- 
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Abstract 

As  a  part  of  the  RHIC  Spin  project,  the  KEK  optically 
pumped  polarized  ion  source  (OPPIS)  is  being  upgraded  at 
TRIUMF,  and  will  then  be  installed  at  BNL.  This  new 
source  will  deliver  >100  times  more  current  than  the 
existing  BNL  polarized  Hf  source.  In  order  to  transport  and 
accelerate  this  more  intense  polarized  beam  efficiently,  a 
new  35  keV  low  energy  beam  transport  (LEBT)  line  has 
been  designed.  Each  beamline  element  has  been  designed 
to  minimize  aberrations  using  2D  and  3D-field  analysis. 
Spin  motion  and  beam  optics  were  tracked  from  the 
ionizer  cell  in  the  source  to  the  200  MHz  RFQ,  including 
3D-field  effects. 

1  INTRODUCTION 

The  KEK  OPPIS  is  being  upgraded  at  TRIUMF,  and  has 
now  produced  1.0  mA  of  H"  beam  with  DC  mode.  Also 
duration  of  a  pumping  laser  has  reached  200  ps  [1  -  3],  At 
BNL,  a  new  beamline  was  designed  to  match  from  this 
source  into  the  200  MeV  linac.  The  expected  beam 
emittance  from  this  OPPIS  is  much  larger  than  that  of 
existing  atomic  type  polarized  source,  and  the  beam 
should  be  matched  to  the  acceptance  of  the  existing  RFQ 
without  depolarization.  Therefore,  this  beamline  must  be 
designed  carefully. 

2  SCHEME  OF  THE  LEBT 

The  normalized  beam  emittance  determined  empirically 
from  similar  OPPIS  is  about  2n  mm  mrad,  while  a 
calculation  discussed  later  in  this  paper  predicts  a  value  of 
2.35tt  mm  mrad  (100%).  This  is  approximately  ten  times 
of  the  emittance  from  the  existing  atomic  beam  polarized 
H'  source  now  being  used  for  AGS,  and  also  larger  than 
the  emittance  of  the  =100  mA  unpolarized  H'  beam.  The 
beam  from  the  new  source  will  be  merged  to  the  existing 
high  intensity  beam  line  and  injected  into  the  RFQ,  which 
has  an  acceptance  which  is  almost  the  same  as  the 
emittance  from  the  OPPIS. 

When  designing  the  LEBT  for  a  polarized  beam,  not  only 
the  beam  optics  but  also  spin  motion  must  be  considered. 
Beam  leaving  the  OPPIS  has  longitudinal  polarization, 
and  should  be  rotated  to  the  vertical  direction  before 


Figure  1 :  The  LEBT  for  the  new  OPPIS 


injection  into  the  booster  synchrotron.  Figure  1  shows  the 
planned  beam  line  before  the  RFQ.  First  the  beam  from 
the  source  is  accelerated  to  35  keV  in  the  extraction  gap, 
goes  through  a  quadrapole  doublet,  and  is  deflected  by 
23.73  degrees  in  Dipole  1.  In  this  dipole,  the  spin 
direction  is  rotated  by  90°,  making  it  perpendicular  to  the 
beam  direction  and  in  horizontal  plane.  The  beam  then 
goes  through  two  more  quadrapole  doublets  and  is  then 
merged  to  the  existing  beamline  by  using  47.46°  bending 
magnet.  This  dipole  will  be  pulsed,  to  allow  switching 
between  polarized  and  unpolarized  H  beam  on  a  pulse-to- 
pulse  basis.  In  this  dipole  the  spin  direction  is  rotated  by 
180°,  so  is  still  perpendicular  to  the  beam  direction  and  in 
the  horizontal  plane.  After  this,  the  beam  is  focused 
strongly  by  a  pulsed  solenoid  magnet  and  injected  into  the 
RFQ.  At  the  same  time,  the  spin  rotates  more  than  one 
revolution  in  the  transverse  plane.  The  exact  rotation  is 
not  determined  because  the  field  strength  of  the  solenoid 
will  be  adjusted  to  maximize  transmission  through  the 
RFQ.  After  acceleration  from  35  keV  to  750  keV,  the 
beam  then  goes  through  another  pulsed  solenoid,  added  to 
750  keV  beam,  and  there  are  sufficient  quadruples 
existing  in  this  line  to  allow  flexibility  in  matching  to 
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Figure  2:  The  beam  envelope  at  the  LEBT 
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the  200  MeV  allow  one  to  rotate  the  spin  to  the  vertical 
direction.  This  solenoid  has  minimal  effect  on  the 
transverse  optics  of  the  Alvarez  linac.  The  beam  envelope 
for  the  35  keV  line,  calculated  using  TRANSPORT,  is 
shown  in  Fig.  2. 

3  BEAM  EMITTANCE  FROM  THE  OPPIS 

To  start  designing  the  LEBT,  the  beam  emittance  of  the 
OPPIS  had  to  be  investigated.  Figure  3  shows  a  schematic 
of  the  OPPIS. 


2.5  T 
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ECR  Cavity 


Ho 


Superconductiong  Solenoid 


Sona  Field 


Na  Cell 

i 


Ionizer  Solenoid 
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Figure  3:  Schematic  of  OPPIS 


The  OPPIS  consists  of  two  solenoid  magnets,  a  2.5  T 
super-conducting  magnet,  which  includes  an  ECR  cavity 
and  Rb  vapor  cell,  and  a  1.4  kGauss  ionizer  solenoid  that 
has  the  Na  vapor  cell.  H+  ions  are  produced  in  the  ECR 
cavity  and  extracted  at  3.5  keV.  The  protons  pick  up  a 
polarized  electron  in  the  Rb  cell,  to  become  neutral.  The 
neutralized  H  beam  drifts  without  effect  from  the  magnetic 
fields  to  the  Na  cell,  where  it  picks  up  an  electron  to 
become  H\  The  H"  beam  then  leaves  the  OPPIS  under  the 
influence  of  fringing  field  of  ionizer  solenoid.  The  initial 
emittance  of  the  OPPIS  depends  on  where  the  neutralized 
beam  becomes  H  ,  and  how  the  fringing  field  of  the 
solenoid  affects  the  H  beam.  The  emittance  has  been 
calculated  using  Monte  Carlo  for  the  charge  exchange 
process,  and  Runge  Kutta  for  particle  tracking  through 
electric  and  magnetic  field  maps  created  using  OPERA- 
2D.  Spin  motion  was  calculated  by  the  Runge  Kutta 
method,  and  the  effect  of  the  fringing  field  of  the  ionizer 
was  analyzed.  In  this  new  OPPIS,  a  jet  type  Na  cell, 
which  has  been  recently  developed  at  TRIUMF,  will  be 
used.  We  hope  that  with  this  new  Na  cell,  the  extraction 
voltage,  accelerating  from  3.5  keV  to  35  keV,  can  be 
achieved  by  biasing  only  the  ionizer  at  high  voltage,  due 
to  much  less  flow  of  Na  vapor  to  outside.  The  electric 
field  of  the  beam  extraction  was  optimized  to  produce  a 
waist  in  the  beam  at  the  center  of  the  fringing  region  of 
the  solenoid,  so  the  effect  of  transverse  magnetic  fields  to 
the  spin  motion  can  be  minimized.  As  a  result, 
calculations  predict  that  depolarization  due  to  the  fringe 
field  will  be  reduced  by  about  3%.  Figure  4  and  Fig.  5 
show  the  electric  and  magnetic  fields  calculated  by 
OPERA-2D  and  the  projection  of  the  H  particles 
respectively.  The  distribution  of  Na  vapor  was  assumed  to 
be  Gaussian  and  a  was  set  to  20  mm.  The  total  gas 
thickness  was  assumed  to  be  1.5xl015  atoms/cm2.  Only 


two  process  were  considered,  H°  — >  H‘  and  H*  —>  H°,  as 
charge  exchange  process  between  H  and  Na  atoms,  with 
cross  sections  of 


Figure  4:  Field  distribution  of  the  Ionizer  solenoid. 
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Figure  5:  Projection  of  H'  particles 
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Figure  6:  Spin  motion  at  the  ionizer  cell 

0.03x10  14  cm2  and  0.30x10  14  cm2  respectively.  At  this 
beam  energy,  other  charge  exchange  cross  sections  are 
negligible.  Five  thousand  neutral  protons  were  created 
uniformly  within  a  circle  of  10  mm  radius  and  1.0  mrad  of 
divergence,  and  were  tracked  from  20  cm  upstream  of  the 
center  of  the  solenoid.  The  yield  of  H'  ions  was  9.0%. 
The  predicted  beam  emittance  35  cm  downstream  from  the 
center  of  the  solenoid  are  given  in  Table  1 .  The  calculated 
spin  motion  is  shown  in  Fig.  6.  Assuming  100  %  initial 
longitudinal  polarization  of  the  beam,  a  polarization  of 
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98.49%  was  calculated  after  passing  through  the  fringing  growth,  using  rms  emittance,  and  conserved  spin 
field.  component  are  shown  in  Table  2. 


Table  1:  Twiss  parameters  of  the  beam  from  theOPPIS  4  2  Solenoid 


e  (100%) 

270.4  mm  mrad 

a 

3.81 

.  3 

0.903  mm/mrad 

Y 

17.2  mrad/mm 

4  COMPONENTS  OF  THE  LEBT 

Each  device  in  the  beamline  was  designed  to  minimize 
spin  aberrations.  The  six  quadruples  in  this  line  will  be 
electrostatic.  In  this  section,  only  the  dipole  and  solenoid 
magnets  are  discussed.  Again,  the  Runge  Kutta  method 
was  used  in  particle  tracking  with  field  maps  created 
using  OPERA-2D  and  3D  (TOSCA). 

4.1  Dipole  Magnets 


The  solenoid  lens  is  the  best  focusing  element  for 
matching  of  the  high  current  (100  mA)  H'  beam  into  the 
RFQ.  However,  we  must  pay  careful  attention  to  the  spin 
motion  for  the  polarized  beam,  since  the  spin  axis  rotates 
around  the  magnetic  axis  of  the  solenoid.  As  mentioned 
above,  the  spin  rotation  angle  will  vary  due  to  fine 
adjustment  of  the  solenoid  field  strength  for  focusing. 
Therefore,  there  will  be  another  solenoid  after  the  RFQ  to 
align  the  spin  direction  vertically.  Figures  8  shows  the 
spin  motion  of  an  on-axis  particle.  The  calculated 
remaining  spin  component  is  99.6%.  The  aperture  and 
length  of  the  solenoid  magnet  are  108  mm  and  241.3  mm 
respectively,  and  the  calculated  effective  length  is  205.8 
mm.  This  magnet  will  be  operated  at  =3.3  kGauss  at  the 
center  of  the  magnet  to  match  to  the  acceptance  of  the 
RFQ. 


To  maintain  the  existing  high  current  beam  line,  Dipole  2 
(47.46°),  shown  in  Fig.  2,  has  to  have  at  least  10  cm  of 
aperture  and  be  less  than  30  cm  in  length.  The  bending 


Figure  7:  Over  view  of  the  Dipole  magnet 


Table  2:  Effect  of  dipole  magnets 


Magnet 

Dipole  1 

Dipole  2 

Hor.  emit,  growth  (rms) 

7.9  % 

6.7  % 

Ver.  emit,  growth  (rms) 

2.4% 

4.2% 

Conserved  spin 

99.96  % 

99.82  % 

as  Dipole  2  was  applied  due  to  large  divergence  from  the 
OPPIS.  In  order  to  minimize  spin  aberrations,  a 
rectangular  shape  was  adopted  so  each  particle  sees  almost 
the  same  integral  of  magnetic  field,  so  has  almost  the 
same  spin  rotation.  There  is  strong  edge  focussing  of  the 
beam  in  the  vertical  direction.  An  overview  of  the  dipole 
design  is  shown  in  Fig.  7.  The  calculated  emittance 


The  LEBT  for  the  new  BNL  OPPIS  was  designed 
considering  3D  field  effects  (except  quadruples),  and  spin 
depolarization.  The  expected  total  conserved  polarization  is 
calculated  to  be  better  than  97.8%  from  the  source  ionizer 
to  injection  into  the  RFQ.  The  emittance  growths  for 
both  planes  through  the  line  are  less  than  28%,  and  the 
predicted  RFQ  transmission  is  70%. 
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Abstract 

Slow-positron  beams  produced  from  negative-work- 
function  solid-state  moderators  have  found  numerous 
applications  in  condensed  matter  physics.  There  are 
potential  advantages  in  using  low-energy  primary  electron 
beams  for  positron  production,  including  reduced 
radiation  damage  to  single-crystal  moderators  and 
reduced  activation  of  nearby  components.  We  present 
numerical  calculations  of  positron  yields  and  other  beam 
parameters  for  various  target-moderator  configurations 
using  the  Argonne  Wakefield  Accelerator  (AW A)  [1]  and 
Advanced  Photon  Source  (APS)  [2]  electron  linacs  [3]  as 
examples  of  sources  for  the  primary  electron  beams.  The 
status  of  experiments  at  these  facilities  is  reviewed. 

1  INTRODUCTION 

Slow  positrons  are  valuable  tools  in  atomic  physics, 
materials  science,  and  solid  state  physics  research.  They 
can  be  used  to  probe  defects  in  metals,  to  study  Fermi 
surfaces  and  material  surfaces  and  interfaces,  and  to 
obtain  detailed  information  about  the  electronic  structure 
of  materials.  Positrons  can  be  used  to  gain  information 
complementary  to  that  acquired  by  other  means  such  as 
x-ray  and  neutron  scattering.  Slow  positrons  can  be 
obtained  either  by  moderating  positrons  emitted  by  some 
radioactive  sources  or  produced  when  an  accelerated 
electron  beam  hits  a  high-Z  target. 

In  both  cases  the  positron  beam  occupies  a  much  larger 
phase-space  volume  than  is  useful  and  some  kind  of 
cooling  is  required.  Damping  rings  can  be  used  at  high- 
energy  accelerators,  but  for  the  eV-scale  positron  kinetic 
energies  used  in  condensed  matter  physics  experiments,  a 
more  appropriate  technique  is  the  use  of  solid  state 
moderators.  The  moderators  are  typically  single-crystal 
metal  films  or  solid  noble  gases  and  are  made  of  materials 
that  possess  a  negative  work  function  for  positrons. 
Positrons  thermalize  near  the  moderator  surface  and  are 
eventually  ejected  with  a  kinetic  energy  equal  to  the  work 
function. 

The  moderation  efficiency  is  low  due  to  competition 
between  the  thermalization  process  and  the  annihilation 
of  positrons  with  electrons  in  the  moderator.  The 
geometry  of  the  moderator  is  relevant  as  well;  a 
moderator  structure  with  a  large  surface-to-volume  ratio 
will  provide  the  best  chance  for  the  positrons  to  stop  near 
the  surface  and  be  ejected  [4],  The  moderator  material 
quality  is  also  an  issue.  Polycrystalline  materials  contain 
crystal  defects  and  grain  boundaries  that  can  provide 


potential  wells  in  which  positrons  can  be  trapped,  thereby 
further  reducing  moderation  efficiency. 

Since  the  positron  production  rate  is  proportional  to 
beam  power,  the  required  beam  power  is  generally 
achieved  using  high-energy  electron  beams.  There  is  a 
possible  advantage  in  using  a  low-energy,  high-intensity 
primary  electron  beam  for  positron  production.  The  raw 
positron  yield  decreases  with  the  electron  energy.  The 
softer  positron  energy  spectrum  should  improve  the  yield 
of  moderated  positrons,  due  to  the  shorter  time  required 
for  the  positron  energy  to  be  reduced  by  dE/dx  losses  in 
the  moderator.  Additionally,  use  of  low-energy  positrons 
should  reduce  radiation  damage  to  the  moderator  crystal 
lattice,  and  also  result  in  lower  activation  of  the  target, 
moderator,  and  nearby  beamline  materials.  At  the  14- 
MeV  incident  electron  beam  energy  with  which  we  are 
primarily  concerned,  photoneutron  production  rates  are 
very  low  [5,6]. 

In  this  paper  we  report  on  a  planned  experiment  to 
study  the  efficiency  and  yield  of  slow  positrons  produced 
by  the  low-energy  intense  electron  beam  from  the  AWA 
drive  linac.  We  discuss  simulations,  experimental 
configurations,  and  instrumentation.  Possible  future 
directions  will  also  be  mentioned. 

2  POSITRON  YIELD  CALCULATIONS 

The  EGS4  electromagnetic  shower  Monte-Carlo  code 
[7],  together  with  a  C-language  user  interface  code  [8], 
was  used  to  optimize  the  production  target  thickness  for 
maximum  positron  yield.  Phase-space  coordinates  of 
positrons  exiting  the  target  were  taken  as  input  to  beam 
optics  codes  used  for  design  of  the  spectrometer  and 
detector.  The  incident  electron  beam  energy  was  taken  as 
14  MeV,  corresponding  to  the  beam  energy  from  the 
AWA  drive  linac.  The  production  target  is  made  of 
tungsten. 

Raw  positron  yield  was  studied  at  various  energies  as  a 
function  of  target  thickness  [9].  The  maximum  yield  of 
-0.005  e+/  e-  occurs  at  around  2.5  mm;  this  thickness  will 
be  used  subsequently  in  this  paper.  In  the  simulations,  the 
incoming  electron  beam  energy  is  represented  by  a 
Gaussian  distribution  whose  mean  and  standard  deviation 
are  14  MeV  and  0.7  MeV,  corresponding  to  the  measured 
AWA  average  beam  energy  and  energy  spread.  The  beam 
size  is  similarly  represented  by  a  Gaussian  distribution  of 
zero  mean  and  standard  deviation  equal  to  an  rms  beam 
radius  of  1.5  mm.  The  beam  is  normal  to  the  target. 
Positrons  exiting  the  target  are  distributed  over  a  broad 
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range  of  angles  and  energies.  The  positron  energy 
spectrum  is  shown  in  Figure  1.  The  spectrum  exhibits  a 
broad  peak  at  an  energy  of  2  MeV  and  standard  deviation 
of  ~2  MeV.  The  positron  radial  distribution  right  after  the 
target  is  shown  in  Figure  2.  The  positron  angular 
distribution  with  respect  to  the  z  axis  is  shown  in 
Figure  3,  where  only  the  positive  angles  are  plotted.  The 
distribution  is  peaked  around  0°,  the  small  angles 
correspond  to  the  high-energy  particles,  and  the 
distribution  is  symmetric  with  respect  to  the  z  axis.  The 
angular  distributions  around  both  the  x-  and  y-  axes  are 
uniform.  An  insert  in  Figure  3  shows  the  coordinate 
system  used  in  the  analysis. 

Only  a  small  fraction  of  the  positrons  produced  will 
actually  be  transported  to  the  test  chamber  due  to  their 
large  angular  divergence  and  energy  spread.  The 
PARMELA  code  [10]  was  used  to  calculate  the 
acceptance  of  the  spectrometer  and  diagnostic  chamber. 
We  estimate  that  8.75  x  106  positrons  per  40  nC  of 
incident  14-MeV  electrons  will  arrive  at  the  test  chamber. 


Figure  1:  Energy  spectrum  of  positrons  from  14-MeV 
electrons  impinging  on  a  2.5-mm-thick  tungsten  target. 
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Figure  2:  Radial  distribution  of  positrons  right  after  the 
target  from  14-MeV  electrons  impinging  on  a  2.5-mm- 
thick  tungsten  target. 


Figure  3:  Positron  Z  angular  distribution  from  14-MeV 
electrons  impinging  on  a  2.5-mm-thick  tungsten  target. 
The  distribution  is  symmetric  with  respect  to  the  z  axis. 

Only  positive  values  are  shown. 

3  EXPERIMENTAL  CONFIGURATION 

The  AWA  drive  linac  is  a  photoinjector-based  machine 
that  can  provide  30-ps-long  electron  pulses  containing 
more  than  40  nC/pulse  at  14  MeV.  The  electron  beam 
will  be  focused  to  a  <  1-cm-diameter  spot  at  the  2.5-mm- 
thick  tungsten  target.  The  target  is  located  directly 
upstream  of  a  dipole  magnet  that  acts  as  a  spectrometer  to 
measure  the  positron  energies  and  as  a  charge  separator  to 
dump  secondary  electrons.  The  electron  (negative  bend) 
side  of  the  vacuum  chamber  is  lined  with  2.5  cm  of 
graphite  to  absorb  secondary  electrons  while  minimizing 
x-ray  background  due  to  bremsstrahlung  in  the  chamber 
walls.  Figure  4  is  a  plan  view  showing  the  target, 
spectrometer,  and  diagnostics. 

Positrons  are  bent  by  the  spectrometer  into  a  diagnostic 
chamber.  The  path  of  the  positrons  as  they  are  bent 
toward  the  screen  is  indicated  in  Figure  4.  Initial 
experiments  involve  measurement  of  raw  positron  yields 
under  various  conditions  of  energy  and  target  thickness  in 
order  to  calibrate  the  Monte  Carlo  calculations. 
Instrumentation  consists  of  a  phosphor  screen  viewed  by 
a  CCD  camera  and  a  Faraday  cup.  A  10-mm-thick  (about 
3  radiation  length)  tungsten  plate  is  located  upstream  of 
the  Faraday  cup.  The  plate  has  a  1-mm  slit  to  define  the 
momentum  slice  accessible  to  the  Faraday  cup  for  a  given 
spectrometer  field  setting.  Sweeping  the  spectrometer 
current  permits  a  measurement  of  the  positron  energy 
spectrum.  Reversing  the  spectrometer  current  bends 
electrons  into  the  diagnostic  chamber  for  tuning  and 
calibration  purposes.  Construction  of  the  vacuum 
equipment  is  nearing  completion  and  we  anticipate  being 
able  to  make  measurements  shortly. 
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diagnostics,  showing  the  beam  path  as  the  positrons  are 
bent  toward  the  screen. 


4  FUTURE  PLANS 

After  the  positron  yield  has  been  fully  understood,  the 
Faraday  cup/phosphor  assembly  will  be  replaced  by 
tungsten  sheet  moderators  and  eventually  also  by  thin 
single-crystal  tungsten  moderator  foils.  The  moderation 
efficiency  as  a  function  of  moderator  type  and  incident 
beam  energy  will  be  studied  using  a  pair  of  Nal  counters 
to  measure  the  back-to-back  511-keV  gamma  rays  from 
positron  annihilation  at  rest  in  the  moderator.  A  solenoid 
will  be  installed  immediately  downstream  of  the  target 
and  tested  to  assess  its  effect  on  capture  and  transport 
efficiency  as  compared  to  simulation. 

A  low-field  solenoidal  beamline  will  be  constructed  to 
transport  the  slow  positrons  to  a  secondary  moderator  and 
experimental  chamber.  Yield  from  the  secondary 
moderator  will  be  measured  using  micro-channel  plates 

Several  of  the  envisaged  experiments  require  short- 
pulse  beams  with  good  timing  resolution.  A  trap  capable 
of  collecting  positrons  from  the  entire  beam  macropulse 
and  expelling  them  as  a  short  pulse  will  then  be  required. 

The  30-ps  pulse  length  from  the  AWA  photocathode 
gun  can  be  shortened  to  several  ps  using  a  fairly  simple 
magnetic  chicane.  The  resulting  positrons  can  be  energy 
selected  and  used  to  perform  positron  lifetime  studies  in 
bulk  materials. 

Previously,  computer  simulations  and  beam  studies 
were  performed  using  the  APS  linac  and  determined  that 
it  is  well  suited  as  a  slow-positron-source  driver  [11,12], 
The  APS  linac  is  being  reconfigured  to  drive  an  FEL  in 
addition  to  its  normal  duties  as  the  APS  injector.  The  DC 
thermionic  gun  has  been  replaced  by  a  photoinjector. 
Spent  beam  from  the  FEL  is  a  source  of  high-energy, 
few-ps  electron  pulses  that  could  be  directed  into  a  slow- 
positron  target  instead  of  to  a  beam  dump.  The  DC 
thermionic  gun  can  then  be  reconfigured  to  drive  a  high- 
intensity  (70nC/30ns  pulse),  low-energy  positron  source 
as  well. 
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Abstract 

The  10  keV,  100  mA,  Pierce-type  electron  gun  and 
injector  for  the  University  of  Maryland  Electron  Ring 
(UMER)  Project  are  described.  Using  a  pulsed  control 
grid  located  0.15  mm  from  the  4-mm  radius  cathode,  100- 
ns  bunches  are  generated.  The  A/K  gap  is  variable, 
producing  beam  currents  ranging  from  50  to  160  mA.  A 
rotatable  aperture  plate  is  included  to  allow  six  different 
masks,  including  a  pepperpot.  Beam  current  after  the 
aperture  plate  is  measured  with  a  built-in  Rogowski  coil. 
The  injector  line  consists  of  a  solenoid  lens,  five  printed- 
circuit  quadrupoles,  and  two  in-line  diagnostic  chambers. 
A  separate,  multi-purpose  chamber  is  placed  at  the  end  of 
the  injector  line  during  gun  characterization  studies  for 
emittance,  profile,  and  energy  analysis. 

I  INTRODUCTION 

A  model  electron  ring  is  being  built  at  the  University  of 
Maryland  to  investigate  the  effects  of  space  charge  in 
bending  systems,  heavy-ion  recirculators  and  rapid¬ 
cycling  rings  with  a  limited  number  of  turns  [1].  For  this 
research  a  space-charge-dominated,  low  emittance, 
relatively  low  energy  (nonrelativistic)  beam  is  desired.  In 
this  paper  we  describe  the  design  of  the  injector,  a  key 
component  of  the  electron  ring.  The  injector  consists  of 
an  electron  gun,  means  for  matching  the  beam  into  a 
quadrupole  lattice,  and  pulsed  elements  for  injecting  the 
beam  into  the  ring.  The  pulsed  elements  include  a  pulsed 
dipole  and  two  Panofsky  quadrupoles,  one  for  the  injected 
beam  and  the  other  for  the  recirculating  beam  [2], 

The  beam  parameters  were  chosen  to  be  10  keV  and  100 
mA,  corresponding  to  generalized  perveance  of  0.0015,  to 
model  large  accelerators  with  similar  space-charge  effects 
and  to  keep  the  cost  in  line  with  university  research.  Here 
the  generalized  perveance  is  K  =  2(I/Io)(m/M)($  )"3, 
where  I  is  the  beam  current,  Io=107mc/e=  17kA,  m  and  M 
are  the  mass  of  an  electron  and  the  particle  in  question, 
respectively,  and  py  are  the  usual  normalized  velocity 
and  total  energy  of  the  particle.  For  K=0.0015,  the  space 
charge  forces  are  similar,  for  example,  to  a  100-MeV,  2.5 
kA  proton  beam  or  a  1-GeV,  5  kA  mass-200  beam.  While 
such  ion  currents  have  not  been  achieved,  nevertheless  the 
space-charge  forces  put  the  10-keV  beam  in  an  important 
new  regime  of  study  which  is  important  for  a  number  of 
applications. 


2  ELECTRON  GUN 

The  electron  gun  is  similar  to  a  2.5  keV  gun  used  at  the 
University  of  Maryland  for  some  years  [3],  It  employs  a 
conventional  Pierce  geometry  and  has  a  control  grid 
located  at  0.15  mm  from  an  8-mm  diameter  dispenser 
cathode.  The  electrode  boundaries  are  shown  in  Fig.  1. 
While  the  gun  is  designed  using  EGN  for  an  optimum 
current  of  100  mA,  a  variable  A/K  gap  is  included  to 
provide  currents  from  60-  to  140  mA.  A  rotatable 
aperture  plate,  located  near  the  beam  waist,  allows  6 
different  masks  to  be  moved  into  the  beamline. 

The  primary  aperture,  having  a  diameter  twice  that  of  the 
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Fig.  1  Boundaries  used  in  EGN  gun  design. 

beam,  allows  full  beam  transport.  Three  round  intercep¬ 
ting  apertures  provide  currents  of  0.5%,  15%,  and  55%'.  A 
“pepperpot”  mask  is  included  for  emittance  measurements, 
and  the  final  mask  employs  a  5-beamlet  distribution  to 
enable  detailed  comparison  with  PIC  simulations. 
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Beam  Current  is  measured  after  the  aperture  plate  with  a 
built-in  Rogowski  coil.  A  gate  valve  is  included  to  allow 
isolation  from  the  remainder  of  the  vacuum  system.  EGN 
Simulations  locate  an  8-mm  diameter  waist  at  1.2  cm 
downstream  from  the  anode  grid.  The  4x  rms  normalized 
thermal  emittance  of  the  cathode  is  calculated  to  be  3.5 
mm-mrad.  EGN  predicts  negligible  growth  above  this. 
Analytic  calculation  of  grid  effects  produces  a  total 
expected  emittance  of  4  mm-mrad.  While  previous 
experience  with  the  2.5-keV  gun  indicates  emittance 
growth  of  up  to  80%  [3]  above  the  thermal  emittance,  the 
specification  far  the  10-keV  injector  allows  for  emittance 
growth  of  up  to  280%.  This  should  be  easily  achievable. 


the  lattice  optics,  then  with  dc  injection  elements,  and 
finally  with  the  pulsed  dipole  and  Panofsky  quadrupoles. 

3  INJECTOR  LINE 

The  injector  line,  shown  in  Fig.  2,  has  one  solenoid  and 
five  printed-circuit  quadrupoles  [4]  plus  the  Panofsky 
quadrupole.  This  enables  matching  the  beam  into  the 
lattice  as  well  as  providing  considerable  freedom  of 
adjustment  of  the  parameters.  Two  diagnostic  chambers 
are  included  in  the  injector  line  similar  to  those  in  the  ring. 
Each  houses  a  capacitive  pickup  beam  position  monitor 
(BPM),  a  fluorescent  screen,  and  a  4-inch  pumping  port. 


The  entire  gun  is  bakeable  to  250°  C.  An  8  1/s  ion  pump 
mounted  below  the  front  face  of  the  gun  is  sufficient.  The 
field  from  the  pump  is  <0.1  G  at  the  cathode. 

A  large,  multi-purpose,  bakeable  diagnostic  chamber  is 
under  construction  to  characterize  the  electron  gun  both 
before  and  after  it  is  mounted  on  the  injector  line. 
Diagnostics  include:  (1)  a  fluorescent  screen  which  is 
movable  along  the  axis  for  transverse  profile  and  envelope 
measurements;  (2)  a  Faraday  cup  used  as  a  beam  stop  and 
current  monitor;  (3)  a  slit-.and-wire  system  for  emittance 
measurements  and  (4)  a  retarding-field  analyzer  to 
measure  the  energy  homogeneity.  The  last  two 
diagnostics  are  mounted  on  flanges  transverse  to  the  beam 
axis  so  that  they  may  be  accurately  inserted  and  retracted 
using. remotely  controlled  precision  motor  drive. 

Beam  characterization  will  be  performed  in  several  steps: 
first  with  the  gun  alone,  then  with  the  injector  line  to  study 


The  injection  angle  is  10°,  with  the  injection  point  located 
at  one  of  the  normal  10°  ring  bends,  enabling  a  20°  angle 
between  the  two  adjacent  straight  sections. 

Because  of  the  strong  space  charge,  the  quadrupoles  in  the 
ring  are  spaced  with  a  half-lattice  separation  of  16  cm. 
However,  the  cramped  quarters  near  the  injection  point 
preclude  such  close  spacing.  For  this  reason  the  design 
uses  two  Panofsky  quadrupoles  (one  shown  in  Fig.  2),  one 
for  the  entering  beam  (which  is  turned  off  before  the  beam 
completes  one  turn)  while  the  other  serves  as  a  normal 
ring  quadrupole  and  must  be  turned  on  before  the  beam 
completes  the  first  turn.  With  a  circulation  time  of  200  ns, 
the  bunch  length  is  expected  to  be  50-75  ns.  The  rise  and 
fall  time  of  the  pulsed  elements  is  expected  be  -30  ns  [2]. 
Since  the  two  Panofsky  quadrupoles  overlap  slightly,  the 
mutual  interaction  is  of  some  concern  and  is  being  studied 
with  bench  models. 
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The  injection  Y-shaped  chamber  will  be  glass,  with  a  thin 
metallic  coating  on  the  inside  to  prevent  charge  buildup 
but  allow  fast  field  penetration. 

Figure  3  shows  a  calculation  using  the  K-V  envelope  code 
SPOT  [5]  based  on  a  configuration  without  the  bend.  The 
position  and  strength  of  the  solenoid  and  printed-circuit 
quadrupoles  were  adjusted  based  on  the  mechanical 
constraints  noted  above  as  well  as  optimum  match  to  the 
FODO  lattice.  Orbit  steering  corrections  will  be 
accomplished  with  a  combination  of  Helmholtz  coils  and 
thin  discrete  dipoles  located  in  the  injector  line. 

The  3-D  PIC  code,  WARP  [6],  is  being  used  for  more 
detailed  calculations  of  the  beam  dynamics,  including  the 
10°  bends.  Results  to  date  indicate  that  emittance  growth 
is  reasonably  small  for  25  turns  in  the  ring.  One 
particularly  sensitive  tolerance  is  rotation  of  the  printed- 
circuit  quadrupoles  about  the  beam  axis.  WARP 
calculations  specific  to  the  injector  dynamics  agree  well 
with  the  SPOT  results  noted  above,  provided  that  initial 
runs  were  done  to  determine  the  optimum  lattice 
conditions  just  before  the  inflector  bend. 

Transport  of  a  4-keV  beam  in  a  1-m  long  FODO  lattice 
with  five  printed-circuit  quadrupoles  has  been  studied 
recently  [7].  Results  indicate  good  agreement  with  both 
SPOT  and  WARP.  This  study  provides  an  excellent 
foundation  for  the  present  design. 
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Fig.  3.  Envelope  calculation  using  SPOT. 


4  ELECTRONICS 

The  pulser  for  the  electron  gun  is  similar  to  that  used  in 
the  existing  UMD  2.5-keV  gun.  It  consists  of  a  high- 
voltage  deck  which  houses  a  filament  transformer,  a  grid 
bias  supply,  a  200- V  pulser  supply  and  the  100-ns  pulse 
generator.  The  pulse  generator  uses  a  charged  coaxial 


cable  for  the  pulse  network  and  a  fast  (-1  ns)  avalanche 
transistor  switch. 

Power  is  supplied  through  an  isolation  transformer,  and 
pulses  are  supplied  to  the  deck  via  a  fiber-optic  link.  A 
trigger  pulser  has  been  built  and  tested  which  produces 
pulses  from  1  Hz  to  120  Hz.  The  pulser  is  synchronized 
to  the  AC  line  and  has  delay  capability  up  to  8  msec  for 
setting  the  trigger  to  coincide  with  zero  AC  fields  at  the 
cathode. 

5  CONCLUSION 

A  complete  injection  system  has  been  designed  and  is 
under  construction  for  the  University  of  Maryland  electron 
ring.  It  is  capable  of  delivering  a  high  quality,  matched 
beam  to  the  ring  with  dynamics  ranging  from  emittance- 
dominated  to  space-charge-dominated,  satisfying  the 
needs  of  the  experimental  program.  Initial  tests  of  the  gun 
are  scheduled  for  the  summer  of  1999.  Full  installation 
and  tests  of  the  injector  are  planned  to  be  completed  by 
December  1999. 
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Abstract 

The  Secondary  Emission  Magnetron  Injection 
Gun  (SEMIG)  is  relatively  a  new  cold-cathode  electron 
gun  [1],  The  advantages  of  the  SEMIG  in  long  pulse 
operations  are  more  obvious  when  we  apply  it  for  power 
radio-frequency  sources  and  electron  linacs.  Experimental 
facility  and  a  method  of  emission  excitation  in  the  SEMIG 
are  described.  The  method  consist  of  the  secondary 
emission  multiplication  on  the  trailing  edge  of  the  voltage 
pulse.  The  SEMIG  is  operated  with  the  extern  pulse- 
driver.  Similar  method  is  known  for  magnetrons.  The 
electron  beam  with  pulse  duration  up  to  3000  ps  and 
repetition  rate  up  to  50  Hz  (duty  factor  up  to  15%)  is 
obtained. 

1  INTRODUCTION 

The  main  direction  of  accelerator  development  is 
increasing  its  lifetime  and  efficiency.  The  new  cold 
cathode  electron  gun  gives  us  this  possibility.  The  gun  is 
known  as  the  Secondary  Emission  Magnetron  Injection 
Gun  (SEMIG)  [1].  It  is  based  on  a  new  principle:  self- 
supported  secondary  emission  in  crossed  fields.  The  gun 
may  be  used  as  injector  in  electron  linacs  [2]  and  radio- 
frequency  power  sources  [3-6]  for  accelerators. 

The  field  of  gun  application  may  be  large  if  it 
could  produce  high  current  relatively  long  pulses  of 
electron  beam  at  high  current.  Conveniently,  all  high 
current  linacs  and  power  sources  use  solenoid  as  magnetic 
field  sources.  If  the  duty  factor  of  device  increases  then 
full  efficiency  increases  too,  because  solenoid  feed  power 
is  constant.  This  shows  the  great  importance  of  increasing 
pulse  length  because  duty  factor  is  in  proportional  of 
pulse  length.  The  possibility  of  obtaining  a  long  pulse  in 
cold  cathode  magnetron  was  shown  earlier  [7],  Now  we 
describe  the  long  pulse  mode  in  SEMIG. 

2  THE  PULSE  DURATION  LIMITATIONS 

The  limit  of  the  current  density  J  depends  on 
pulse  length  r  and  cathode  material.  The  estimation  is 
made  on  the  base  of  Kovalenko’s  understanding  [8]  of 
the  physical  processes  in  vacuum  tube.  The  current 
density  J  is  estimated  as: 

const 

J=nr  m 

where  for  copper:  const= 260  [A  cm'2  (ps)1/2];  for 

tungsten:  const= 860  [A'  cm'2  (ps)l/2]. 

Maximum  current  I  may  be  estimate  as 


l=JLnd  (2) 

where  L  -  cathode  length,  d  -  cathode  diameter.  In  our 
data  I  is  equal  to  45  A.  The  current  is  more  large  then  one 
from  conventional  thermoionic  cathode  for  the  accelerator 
[8]. 

3  THE  CONDITION  OF  SECONDARY 
EMISSION  EXCITATION 

The  SEMIG  consists  of  a  hollow  tube  anode  and 
coaxial  finger-like  secondary  emission  cathode  inside  it 
[1].  Correspondence  between  value  of  magnetic  field  and 
apply  voltage  pulse  is  chosen  in  order  to  make  electrons 
to  return  the  cathode  (Hell’s  cut  off  relation).  The  start  of 
electron  multiplication  occurs  at  the  fall  of  the  negative 
high  voltage  pulse  applied  to  the  cathode  [10,11].  After 
initiation  the  electron  emission  continues  at  the  top  of  the 
following  part  of  the  pulse  [12], 

The  cause  of  secondary  emission  is  additional 
energy  of  returned  electrons  from  the  turbulent  electron 
flow  in  cross-field  gap  due  to  increasing  electron  space 
charge.  Near  the  cathode  edge  the  electron  space  charge 
gives  axial  component  of  the  electric  field.  The  axial 
component  is  the  cause  of  electron  injection  and  produces 
the  annual  electron  beam. 

For  emission  excitation  the  amplitude  of  voltage 
pulse  and  the  magnetic  induction  must  be  large  enough. 
Figures  1,2  show  theory  [10]  and  experimental  boundaries 
[12]  of  excitation  region  in  coordinates  “voltage- 
induction”. 


4  EXPERIMENTAL  FACILITY 

The  auxiliary  firing  pulse  amplitude  for  pure- 
metallic  cathodes  is  high  enough  even  when  the  magnetic 
field  is  optimal  [12  ].  The  attempts  to  start  the  secondary 
emission  with  the  help  of  the  existing  submodulator  was 
made  to  do  it  by  the  in  previous  tests  and  experiments 
were  unsuccessful.  That’s  why  the  decision  was  made  to 
do  it  by  the  main  modulator  pulse  which  in  our  previous 
experiments  ensured  firing  with  the  sufficiently  high 
voltage  decrease.  The  submodulator  forming  circuits  and 
its  pulse  transformer  didn’t  ensure  producing  of  pulses 
with  the  microsecond  range.  So,  the  scheme  of  experiment 
was  chosen  as  shown  in  Fig.  3.  By  this  scheme  the  pulse 
from  main  pulse  modulator  1  was  used  as  exciting  one. 
Position  2  is  the  matched  cable,  and  position  3  is  the  pulse 
step-up  transformer,  put  in  tank  4  filled  with  oil.  The 
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pulse  was  fed  to  vacuum  volume  through  high-voltage 
insulator  5,  and  reached  the  cathode  6.  The  cathode  6  was 
situated  coaxially  inside  the  anode  7  which 
simultaneously  worked  as  passing  pipe.  The  isotropic 
magnetic  field  along  the  axis  of  cathode  6  and  anode  7 
was  produced  by  solenoid  8.  The  magnetic  field  induction 
could  be  tuned  in  the  interval  0  -  0.3  T  by  changing  the 
current  in  the  solenoid  8.  The  beam  formed  by  the  gun  6, 
7  was  falling  on  the  collector  9.  The  beam  current  value 
and  the  pulse  duration  were  obtained  from  oscillograph  10 
of  type  C4-74,  using  the  synchronization  system  1 1  of 
Universal  Injecting  Complex  (UIC)  [9],  The  long  beam 
current  pulse  was  formed  by  accumulating  condenser  12. 
To  avoid  the  rectifier  diodes  damage  in  the  case  of  gun 
spark-over  the  resistor  13  with  low  resistance  was 
included  in  series  into  the  gun  circuit.  The  choke  15  was 
the  short  circuit  defense  of  the  gun.  The  voltage  of  the 
accumulating  condenser  12  was  tuned  by  autotransformer 
in  limits  of  0-20kV. 

5  RESULTS 

After  the  pulse  from  modulator  1  is  guided  to  the 
gun  cathode  6,  relatively  the  grounded  passage  tube  7  at 
the  fall  of  the  pulse  begins  the  secondary  emission 
multiplication  [10,11],  If  the  multiplication  is  large 
enough  at  the  end  of  the  pulse,  self-supporting  secondary 
emission  mode  is  established.  After  the  pulse  ends 
generation  of  the  beam  is  continuous  due  to  the  discharge 
of  accumulating  capacity  12.  If  the  pulse  duration 
increases  the  beam  current  decreases.  Experiments  have 
shown  that  it  is  possible  to  increase  the  duration  of  the 
pulse  to  3,000  ps  at  the  magnetic  field  of  0.13  T  and  the 
value  of  capacity  12  is  0.1  pF. 


All  modes  are  shown  in  the  table 

Number 

of  Magnetic 

Pulse 

Beam 

the  mode  field,  T 

duration,  ps 

current,  A 

1 

0.130 

200 

0.05 

2 

0.154 

400 

0.10 

3 

0.138 

3,000 

0.005 

Fig.lThe  theory  region  of  secondary  emission  cross-field 
excitation  [10]  (xxx) 


Fig-2  The  experimental  excitation  boundaries  in  the 
magnetron  [12]. 

At  the  left  the  pulse  modulator  voltage  is  shown.  At  the 
right  the  amplitude  exciting  pulse  is  shown. 


Fig.3  The  shame  of  experimental  facility: 

1-  main  pulse  modulator;  2-coacsial  cable;  3-  pulse 
transformer;  4-  oil  tank;  5-  main  insulator;  6-  secondary 
emission  cold  cathode;  7-  anode-  (drift-tube);  8-  solenoid; 
9-  collector  (Faraday  cup);  11-  oscillograph;  12- 
accumulating  condenser;  13-  defense  resistor;  14-gun 
power  souse  (submodulator);  15-  defense  choke. 
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SECONDARY  EMISSION  MAGNETRON  INJECTION  GUN  FOR  LINAC 

S.A.Cherenshchikov.  G.M.Ivanov,  L.A.Makhnenko, 

A.N.Opanasenko,  KIPT,  Kharkov,  Ukraine 


Abstract 

The  experimental  research  results  for  operation  of  the 
cold  cathode  magnetron  injection  gun  in  the  linear 
traveling  wave  accelerator  are  described.  The  mechanism 
of  the  gun  operation  is  connected  with  the  current 
secondary  electronic  increase  and  the  establishment  of  a 
self-supported  secondary  emission.  The  comparison  of 
the  beam  passage  conditions  for  a  thermionic  gun  points 
on  the  fact,  that  the  characteristics  of  the  magnetron  gun 
are  acceptable  for  the  purposes  of  injection  in  the  rf 
accelerator. 


1  INTRODUTION 

The  development  of  the  accelerator  engineering  and  of 
associated  powerful  rf  sources  put  the  new  requirements 
to  the  appropriate  sources  of  powerful  electron  beams. 
Thus  it  is  more  and  more  necessary  to  consider  the 
alternatives  to  the  traditional  sources  based  on  thermionic 
cathodes.  One  of  such  alternatives  in  the  case  of  the 
necessity  to  achieve  simultaneously  a  high  current  density 
and  a  long  service  life  it  can  be  the  magnetron  injection 
gun  in  the  secondary  emission  mode  [1],  The  long  service 
life  of  the  cathode  creates  new  opportunities  in  the 
accelerating  engineering.  For  example)  the  manufacturing 
of  the  steamed  off  industrial  accelerator  modules  instead 
of  the  existing  vacuum  pumped  ones.  Besides,  the 
magnetron  gun  with  the  cold  cathode,  as  will  be  shown 
below,  is  capable  to  form  short  (nanoseconds)  current 
pulses  with  the  help  of  the  rather  long  voltage  pulses  on 
the  gun.  It  has  the  essential  practical  importance  for 
creation  of  the  high  current  short  pulse  accelerators,  as  it 
facilitates  formation  of  a  high  voltage  to  feed  the  gun. 
Moreover  it  is  supposed,  that  the  magnetron  gun  with 
cold  cathode  will  be  steady  to  back  bombardment  by  the 
electrons  reflected  from  the  accelerating  structure  [2],  and 
the  last  can  limit  the  pulse  recurrent  frequency  and  the 
service  term  of  the  thermionic  cathodes.  The  magnetron 
gun  has  a  number  of  peculiarities,  which  can  affect  the 
gun  operation  in  the  rf  linacs.  First  it  is  the  cathode  not 
magnetic  screened  and  the  tubular  form  of  beam.  To 
estimate  the  operation  peculiarities  of  such  a  gun  in  the  rf 
linacs  was  the  purpose  of  the  researches  presented  below. 


energy  accumulation.  UIC  consist  of  a  threode  thermionic 
gun;  two  cavity  buncher  placed  in  focusing  solenoids; 
injector  and  two  accelerating  sections,  which  are  supplied 
by  a  system  of  rf  power  recuperation.  To  carry  out  the 
experiments,  described  below,  the  thermionic  gun  was 
demounted  and  on  its  isolator  a  secondary  emission 
magnetron  injection  gun  (SEMIG)  was  mounted.  The 
circuit  of  experiment  is  shown  on  Fig.  1 .  SEMIG  consists 
of  two  cylindrical  coaxial  electrodes  placed  inside  the 
solenoid  of  the  buncher  (SG).  The  internal  electrode 
serving  as  a  cathode  (C)  is  a  metal  rod  established  on 
high-voltage  isolator  (I)  in  the  transit  channel,  the  walls 
of  which  are  the  anode  (A).  The  cathode  feeder  of  a  short 
pulse  voltage  consists  of  the  coaxial  cable  serving 
secondary  winding  of  the  high-voltage  pulsed  transformer 
(PT).  The  signal  of  the  gun  current  is  transferred  through 
this  cable  from  the  high-voltage  circuits  to  the 
oscillograph  (IO). 


3  THE  GUN  TESTING 


After  feeding  the  high  voltage  pulses  on  the  cathode,  and 
turning  on  the  solenoid  creating  the  magnetic  field  in  the 
gun  area  the  cathode  current  pulses  with  the  amplitude  up 
to  20  •  were  obtained.  Their  duration  changed  from  20  ns 
up  to  0.5  microsec  depending  on  the  mode.  For  this  gun 
the  C-V  characteristic,  submitted  on  Fig.  2,  is  close  to  a 
square  law.  The  use  of  a  cathode  material  identical  to  the 
cathode  material  of  the  earlier  investigated  gun  [4], 
allows  to  compare  their  parameters  on  the  basis  of  the 
similarity  theory  [1]: 


I  =  C- 


U‘ 


BDAn2 


(i) 


Where  I  is  the  beam  current  emitted  from  SEMIG;  Da,  Dc 
are  diameters  of  the  cathode  and  anode  accordingly;  C  is 
a  constant  depending  on  emission  properties  of  the 
cathode;  U  is  the  gun  voltage;  B  is  the  magnetic  induction 
of  the  solenoid. 

The  comparison  shows  the  increase  of  the  current  in 
our  case.  It  is  probably  explained  by  stronger  magnetic 
field.  It  agrees  with  dependence  of  the  beam  current  on 
the  magnetic  field  [5]  measured  later  on. 


2  EXPERIMENTAL  EQUIPMENT 

The  Universal  Injector  Complex  (UIC)  of  the  accelerator, 
LA-300  MeV  [3]  was  used  for  the  experiments.  UIC  was 
intended  for  expansion  of  LA-300MeV  opportunities  to 
accelerate  high  current  short  pulse  beams  in  a  mode  of  rf 


3  HIGH  CURRENT  ACCELERATION 
MODE 


After  feeding  the  rf  power  to  the  accelerating  sections  and 
tuning  the  passage  beam  system,  at  the  gun  current  about 
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12  A  and  the  gun  voltage  about  45  kV,  the  current  of  the 
accelerated  electrons  about  0.5  A  was  obtained  at  the  exit 
of  UIC.  The  small  value  of  the  beam  capture  factor  is 
probably  caused  by  the  low  injection  energy  of  electrons, 
determined  by  the  low  gun  voltage.  Comparison  of  the 
measured  capture  factors  represented  on  the  fig.  3  for  the 
beams  injected  by  both  the  traditional  thermionic  gun  and 
SMIG  shows  that  this  capture  factors  represented  on  the 
fig.  3  are  practically  equal  when  the  gun  voltages  are 
equal.  The  pulse  duration  of  the  relativistic  electrons  at 
the  accelerator  exit  was  about  20  ns.  The  duration  of  the 
current  pulses  and  voltage  on  the  gun  was  essentially 
more  and  was  accordingly  50  ns  and  1  microsec.  The 
reduction  of  the  beam  duration  observed  at  the  Faraday's 
cylinder  is  determined  mainly  by  two  factors:  by  the 
small  (down  to  1  ns)  time  of  the  excitation  of  secondary 
emission  in  the  gun  at  peak  gun  voltage  and  by  the  mode 
of  accumulated  energy  when  feeding  the  gun  and  the 
accelerating  structures.  The  front  of  the  beam  pulse  is 
formed  due  to  fast  excitation  of  secondary  emission.  The 
beam  duration  is  increased  with  increasing  the  level  of 
the  accumulated  energy  and  is  decreased  with  increasing 
the  gun  current. 

At  testing  SEMIG  only  the  grouping  and  accelerating 
sections  were  turned  on.  The  second  section  was  without 
rf  feeding  and  the  focusing  solenoid.  Moreover,  this 
section  had  the  small  effective  shunt  impedance  [3], 
therefore  at  the  current  achieved  in  our  case  the  influence 
of  the  induced  fields  to  the  movement  of  the  beam 
particles  can  be  neglected.  Thus  the  second  section 
played  only  the  role  of  a  long  pipe  collimator  with  known 
aperture..  In  this  case  with  the  length,  L  and  the  diameter, 
d  one  can  estimate  the  beam  emittance  [6]  as 

.  d2 

e  <  —  (2) 

nL 

Substituting  numerical  meanings  of  the  aperture  d=3.0 
cm  and  the  length  L=200  cm,  we  receive  the  estimation 
of  the  emittance  not  exceeding  e<  140  mm  mrad. 

4  CYCLOTRON  RESONANS  MODE 

During  tests  of  SEMIG  in  the  structure  of  UIC,  we  have 
detected  that  feeding  the  rf  power  to  the  buncher  cavity 
influences  the  excitation  of  the  gun  current.  The  gun  was 
located  near  to  the  buncher  in  a  magnetic  field  as  is 
represented  in  a  fig.  1.  Probably  the  fringing  field  region 
at  the  end  of  the  buncher  cavity  achieved  the  area  of  the 
gun  cathode.  Originally  it  was  detected  the  current  from 
the  cathode  which  was  not  seized  in  the  mode  of  the 
acceleration.  The  current  was  during  almost  the  whole 
gun  voltage  pulse  (about  1  microsecond,  60  kV).  The 
current  from  the  cathode  arisen  in  a  narrow  interval  of  the 
magnetic  fields  close  to  136-140  mT  and  achieved  of  1  A. 
By  tuning  of  the  buncher  phase  it  was  possible  to  receive 
20,  mA  current  of  the  accelerated  electrons  with  energy 


over  several  MeV  at  the  exit  of  UIC.  The  pulse  duration 
of  the  current  corresponded  to  the  pulse  duration  of  the 
gun  voltage.  The  typical  oscillograms  of  the  current 
pulses  are  represented  in  the  fig.  4.  The  rf  pulse  duration 
exceeded  the  pulse  duration  of  voltage  on  the  gun  (about 
2  ms),  and  the  synchronization  system  was  adjusted  so 
that  during  the  voltage  pulse  the  rf  power  it  would  be  a 
constant.  Thus  to  obtain  the  accelerated  beam  it  is 
necessary  simultaneous  feeding  the  voltage  on  the  gun 
and  feeding  of  the  rf  power  for  the  certain  magnitude  of 
the  magnetic  field  at  the  cathode  and  for  the  certain  ratio 
of  phases  of  the  buncher  and  the  accelerating  sections. 
The  typical  oscillograms  of  the  current  pulses  are 
represented  in  the  fig.  4.  The  rf  pulse  duration  exceeded 
the  pulse  duration  of  voltage  on  the  gun  (about  2  ms),  and 
the  synchronization  system  was  adjusted  so  that  during 
the  voltage  pulse  the  rf  power  it  would  be  a  constant. 
Thus  to  obtain  the  accelerated  beam  it  is  necessary 
simultaneous  feeding  the  voltage  on  the  gun  and  feeding 
of  the  rf  power  for  the  certain  magnitude  of  the  magnetic 
field  at  the  cathode  and  for  the  certain  ratio  of  phases  of 
the  buncher  and  the  accelerating  sections. 

Because  of  above  we  may  assume  that  the  researched 
gun  operates  in  the  mode  of  the  resonance  cyclotron.  Let 
us  estimate  the  magnitude  of  the  frequency  of  cyclotron 
oscillations.  The  transit  time  of  an  electron  starting  from 
the  cathode  and  back  we  determine  in  the  correspondence 
with  [9].  Let's  note  the  equation  of  radial  motion  of 
electron  in  the  gun: 

d2r  dJ 

dT-*  <3) 


n(r)= 


u 


m 


4-1 

[a) 


,  r  Q 

In— + — 

i  8 


,2  \ 


r- 


r(2) 


Where  r  is  the  radial  coordinate  of  an  electron;  e,  m  are 
the  charge  and  mass  of  the  electron  accordingly;  a,  b  are 
the  radiuses  of  the  anode  and  cathode  respectively. 
Q  =  eB/m  is  the  cyclotron  frequency.  This  equation  has 
the  solution  in  quadratures: 


|*  dr 

J  V-znfr) 


(4) 


The  period  of  motion  was  calculated  as  the  double  time  of 
the  motion  up  to  the  maximum  radius.  By  inserting  in  the 
integral  expression  (4)  the  numerical  meanings  of  the 
geometrical  sizes  of  the  gun:  a=0.15  cm,  6=1.5  cm  and 
the  experiment  data:  5=138  m*,  the  average  meaning  of 
the  magnetic  field  taking  from  the  interval  in  which  there 
is  the  secondary  emission  excitation;  U=  30  kV,  the  gun 
voltage;  we  find  the  meaning  of  the  cyclotron  frequency, 
f =2.961  GHz.  We  see  that  the  calculated  frequency 
coincides  with  the  sufficient  accuracy  with  the  meaning 
of  the  accelerator  frequency,  /  =2.797  GHz.  It  point  out 
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on  the  fact  that  the  gun  works  in  the  mode  of  the 
cyclotron  resonance. 


Fig.l  The  experimental  circuit  of  SEMIG  in  structure  of 
Universal  Injector  Complex  (UIC). 
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Fig.4  The  typical  oscillograms.  The  curves  (a)  and  (b) 
correspond  to  the  pulses  of  the  gun  voltage  and  the  beam 
current  respectively. 
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Fig.3  The  capture  factors  v.s.  the  gun  voltage.  The 
markers  corresponds  to  the  beam  injected  by  SEMIG;  the 
line  corresponds  to  the  conventional  thermionic  gun. 
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Abstract 

Last  year  a  second-generation  SSRL-type  thermionic 
cathode  rf  gun  was  installed  in  the  Advanced  Photon 
Source  (APS)  linac.  This  gun  (referred  to  as  “gun2”)  has 
been  successfully  commissioned  and  now  serves  as  the 
main  injector  for  the  APS  linac,  essentially  replacing  the 
Koontz-type  DC  gun.  To  help  ensure  injector  availabil¬ 
ity,  particularly  with  the  advent  of  top-up  mode  opera¬ 
tion  at  the  APS,  a  second  thermionic-cathode  rf  gun  will 
be  installed  in  the  APS  linac  to  act  as  a  hot-spare  beam 
source.  The  hot-spare  installation  includes  several 
unique  design  features,  including  a  deep-orbit  Panofsky- 
style  alpha  magnet.  Details  of  the  hot-spare  beamline 
design  and  projected  performance  are  presented,  along 
with  some  plans  for  future  performance  upgrades. 

1  INTRODUCTION 

In  the  coming  months  the  APS  linac  will  be  supporting  a 
much  broader  range  of  uses  than  those  for  which  it  was 
originally  intended.  It  will  be  required  to  support  not 
only  APS  user  operations  with  once-per-day  fills,  but 
also  to  support  storage-ring  top-up  mode  operation  [1] 
and  next-generation  light  source  research  such  as  the 
APS  low-energy  undulator  test  line  (LEUTL)  project  [2]. 

The  LEUTL  and  other  next-generation  light  source 
experiments  require  low-emittance,  high-charge  single 
bunches  delivered  to  the  end  of  the  linac;  and,  as  this  is 
in  support  of  an  experiment  and  not  storage  ring  opera¬ 
tions,  injector  availability  is  not  as  strong  of  a  concern  as 
beam  quality.  The  current  injector  of  choice  for  LEUTL 
operations,  therefore,  is  a  Brookhaven/SLAC-style  pho¬ 
toinjector  rf  gun  using  a  copper  cathode  and  a  frequency 
quadrupled  Nd:glass  laser  to  generate  the  photoelectrons. 
This  injector  is  due  for  installation  into  the  APS  linac  in 
March  ’99  and  will  take  the  place  of  the  DC  gun  at  the 
head  of  the  linac. 

The  removal  of  the  DC  gun  would  leave  the  APS  linac 
with  only  one  high-availability  injector,  and  this  has 
been  deemed  to  be  an  unacceptable  risk  to  APS  opera¬ 
tions.  Therefore,  a  hot-spare  injector,  based  on  a  first- 
generation  SSRL-style  thermionic  cathode  gun  [3] 
(“gunl”),  has  been  installed  into  the  APS  linac  to  serve 
as  a  backup  injector. 

This  paper  details  the  design  requirements  of  the  gunl 
injector  system,  reviews  the  lattice  design  used  for  the 
gunl  injector,  reports  on  first  beam  from  gunl  into  the 

*  Work  supported  by  the  U.S.  Dept,  of  Energy,  Office  of  Basic  Energy 
Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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APS  linac  system,  and  describes  possible  upgrades  to  the 
primary  injection  systems  of  the  APS  linac. 

2  UPGRADE  REQUIREMENTS 

2.1  Portions  of  beamline  available  for  injectors 

The  APS  linac  already  has  an  injector  located  in-line 
with  the  first  3-meter  SLAC-type  structure  in  the  linac 
line  (presently  a  DC  gun,  to  be  replaced  by  the  photo¬ 
cathode  gun  in  March  ’99).  There  is  a  2.5-meter  gap 
between  the  first  and  second  linac  sections  of  the  APS 
linac;  the  gun2  injector  alpha  magnet  is  located  ap¬ 
proximately  1.4  meters  upstream  of  the  entrance  to  the 
second  linac  section  in  the  APS  linac  [4].  The  only  rea¬ 
sonable  location  for  a  hot-spare  injector  Would  be  in  this 
same  gap  between  the  first  and  second  linac  sections, 
upstream  of  the  gun2  injector  alpha  magnet.  Other  open 
spaces  along  the  APS  linac  would  either  interfere  with 
photocathode  gun  operation  (if  located  upstream  of  the 
first  linac  section)  or  would  physically  not  fit  into  the 
linac  tunnel. 

2.3  Required  performance 

Any  backup  injector  for  the  APS  will  eventually  be  re¬ 
quired  to  have  the  same  performance  as  the  standard 
injector  in  terms  of  APS  operation:  delivered  charge  to 
the  end  of  the  APS  linac,  injection  efficiency  from  the 
linac  into  the  rest  of  the  APS  injector  system,  and  avail¬ 
ability.  It  will  not  be  required  to  serve  as  a  backup  or 
alternate  injector  for  experiments  such  as  LEUTL,  and 
the  sole  criterion  on  beam  quality  is  that  it  be  “good 
enough”  to  be  accepted  by  the  APS  linac  and  down¬ 
stream  injection  systems.  These  criteria  should  be  easily 
met  by  a  first-generation  SSRL-style  thermionic  cathode 
rf  gun. 

3  BEAMLINE  DESIGN  AND 
CONSTRUCTION 

As  mentioned  above,  there  are  strict  constraints  on  the 
possible  placement  of  a  backup  injector  in  the  APS  linac 
line.  In  addition  to  fitting  an  injector  into  the  allowed 
space,  other  goals  of  the  design  process  were  to  keep  the 
rf  gun  beamlines  as  similar  as  possible,  to  reduce  re¬ 
quirements  on  spare  parts  stores,  and  to  reduce  training 
required  for  maintenance  and  operation. 

The  previously  installed  gun2  beamline  is  a  fairly 
standard  thermionic-cathode  rf  gun  beamline,  using  an 
alpha  magnet  for  bunch  compression  and  for  injecting 
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beam  into  the  linac  line.  One  unique  feature  is  the  use  of 
a  fast  crossed-field  kicker  to  limit  the  current  injected 
into  the  APS  linac  line  [4]  [5],  The  new  gunl  beamline 
was  made  to  mirror  the  gun2  beamline  as  closely  as  pos¬ 
sible,  including  beamline  component  placement  and  rf 
flange  arrangement,  allowing  a  possible  future  update  to 
both  guns  with  a  single  new  gun  design. 

A  sketch  of  the  gunl  and  gun2  injector  beamline  lay¬ 
out  is  shown  in  Figure  1 . 

3.1  Power  supply 

Two  high-power  rf  switches  are  used  to  provide  power  to 
the  rf  guns.  The  first  switch  in  line  determines  whether 
the  power  from  the  first  APS  linac  section  exhaust  is  sent 
to  a  load  or  to  the  rf  guns.  A  second  switch  determines 
whether  rf  power  is  directed  towards  gunl  or  gun2. 
Since  each  switch  has  two  input  ports,  the  “spare”  input 
port  on  the  second  switch  is  connected  to  a  waveguide 
adapter,  allowing  a  network  analyzer  to  be  used  on 
whichever  gun  is  not  receiving  high-power  rf. 

3.2  Required  differences 

Because  the  gunl  alpha  magnet  is  located  so  far  from  the 
linac,  the  gunl  alpha  magnet  must  considerably  over¬ 
compress  the  beam  from  gunl.  The  beam  then  ballisti- 
cally  recompresses  during  the  drift  to  the  linac.  This 
requires  a  deep-orbit  alpha  magnet,  with  a  maximum 
penetration  depth  of  approximately  21  cm.  (This  is  in 
contrast  to  the  gun2  system,  which  requires  a  maximum 
penetration  depth  into  its  alpha  magnet  of  only  10  cm.) 

For  several  reasons,  a  Panofsky-style  alpha  magnet 
was  chosen  for  the  gunl  beamline,  as  opposed  to  a  more 
conventional  parabolic  pole-face  geometry  alpha  mag¬ 
net.  The  Panofsky  geometry  allows  generation  of  the 


large  required  “good  field”  region  with  relative  ease. 
The  Panofsky-style  quads  and  alpha  magnets  operate 
using  current  sheets,  so  the  actual  magnet  construction  is 
rather  simple;  this  allowed  tight  construction  and  in¬ 
stallation  schedules  to  be  met.  Finally,  the  Panofsky- 
style  alpha  magnet,  even  with  its  large  good-field  region, 
is  actually  rather  compact,  allowing  it  to  readily  fit  into 
the  beamline. 

The  crossed-field  kicker  design  is  the  same  for  both 
beamlines;  however,  the  pulsed  power  supply  for  the 
gunl  kicker  is  located  outside  the  tunnel,  in  a  shielded 
rack  enclosure,  rather  than  inside  the  tunnel  as  is  the 
gun2  kicker  supply.  This  was  done  not  only  to  reduce 
the  amount  of  equipment  located  in  the  tunnel  (and  thus 
less  accessible  for  maintenance)  but  also  to  attempt  to 
reduce  the  noise  introduced  onto  the  beam  current 
monitors  when  the  kicker  fires. 

3.3  Diagnostics 

The  gunl  diagnostics  are  similar  to  those  used  for  gun2. 
A  beam  current  transformer  is  located  immediately 
downstream  of  the  gun,  allowing  the  total  beam  current 
pulse  to  be  measured  and  integrated  for  current  stabili¬ 
zation  via  feedback  on  the  cathode  heater.  A  Faraday 
cup,  located  on  the  straight-through  trajectory,  allows 
verification  of  kicker  operation  and  beam  transport  effi¬ 
ciency.  A  second  beam  current  transformer  downstream 
of  the  alpha  magnet  allows  verification  of  beam  transport 
through  the  alpha  magnet. 

After  the  beam  from  gunl  has  been  injected  into  the 
APS  linac,  all  of  the  standard  APS  linac  diagnostics, 
including  wall  current  monitors,  beam  position  monitors, 
fluorescent  screens,  spectrometers,  etc.,  are  available  as 
well. 


Figure  1:  APS  main  injector  layout.  Trajectories  in  the  alpha  magnets  are  to  scale. 
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4  PERFORMANCE  TO  DATE 

4.1  Gunl  testing 

Initial  testing  of  gunl  consisted  of  cathode  heater  cy¬ 
cling,  low-power  rf  measurements,  and  high-power  rf 
conditioning.  Once  installed  in  the  tunnel  and  fully  rf 
conditioned,  gunl  was  used  to  generate  a  1-A  (macro¬ 
pulse  average)  beam  current  without  difficulty. 

4.2  Beamline  components 

The  gunl  alpha  magnet  was  tested  before  installation 
and  found  to  have  acceptable  field  quality  inside  the  re¬ 
gion  to  be  traversed  by  the  electron  beam;  in  fact,  its 
field  quality  is  better  than  gun2’s  more  traditional  para¬ 
bolic  pole-face  alpha  magnet.  Larger  than  anticipated 
external  (stray)  fields  were  measured,  especially  when 
operating  the  magnet  at  higher  currents.  This  is  due  to 
the  use  of  “back-leg”-style  coils  rather  than  saddle  coils 
for  the  alpha  magnet  windings,  a  choice  made  in  the  in¬ 
terests  of  economy  and  fabrication  time.  The  stray  fields 
are  not  strong  enough  to  overwhelm  the  available  steer¬ 
ing  correction  at  the  operating  magnet  currents,  however. 

The  location  of  the  crossed-field  kicker  supply  outside 
of  the  linac  tunnel  has  proved  to  be  effective  in  reducing 
the  noise  introduced  into  the  diagnostics  signals. 

4.3  Operation  as  an  APS  injector 

Gunl  has  successfully  been  operated  as  an  injector  for 
the  APS,  providing  beam  injection  into  the  linac  and 
through  the  APS  injection  system  to  the  booster  dump. 
Sufficient  charge  was  delivered  to  allow  a  storage  ring 
refill  via  gunl,  should  beam  have  been  lost  at  that  time. 

Larger  than  anticipated  beam  current  losses  were  en¬ 
countered  between  gunl  and  its  alpha  magnet;  this  does 
not  appear  to  be  related  to  the  alpha  magnet  stray  fields, 
as  the  losses  are  also  encountered  when  running  beam  to 
the  gunl  alpha  magnet  Faraday  cup.  Once  through  the 
alpha  magnet,  however,  beam  losses  through  to  the  end 
of  the  linac  line  and  the  remainder  of  the  APS  injection 
system  were  normal. 

Commissioning  of  gunl  as  an  APS  injector  is  con¬ 
tinuing.  As  of  this  writing,  the  linac  control  software  is 
being  upgraded  to  automatically  control  either  gunl  or 
gun2  as  the  APS  primary  injector. 

5  POSSIBLE  FUTURE  UPGRADES 

Although  the  gunl  injection  system  has  been  demon¬ 
strated  to  be  operational,  and  control  system  integration 
is  continuing,  there  are  several  possible  future  upgrades 
being  considered. 

5.1  Alpha  magnet  coil  upgrade 

As  mentioned,  the  gunl  alpha  magnet  uses  racetrack- 
style  coils  rather  than  saddle  coils.  This  is  a  less  effi¬ 


cient  design  and  is  the  most  likely  candidate  for  the 
cause  of  measured  stray  fields. 

Pending  additional  commissioning  studies  and  field 
measurements  to  determine  requirements,  a  set  of  saddle 
coils  for  the  gunl  alpha  magnet  could  be  complete  and 
ready  for  installation  during  the  December  ’99  -  January 
’00  APS  maintenance  shutdown. 

5.2  Magnetic  field  probes  for  fast  turnover 

Presently  both  gunl  and  gun2  alpha  magnets  are  solid- 
core  magnets,  and  if  not  degaussed,  exhibit  relatively 
strong  residual  fields.  In  order  to  achieve  good  beam 
transport  from  the  gunl  alpha  magnet  to  the  linac  en¬ 
trance,  a  relatively  long  degauss  cycle  must  be  com¬ 
pleted  on  the  gun2  alpha  magnet.  Both  alpha  magnets 
should  be  thoroughly  degaussed  when  running  the  pho¬ 
tocathode  gun  in  order  to  help  preserve  beam  emittance. 

By  including  a  magnetic  field  sensor  such  as  a  Hall 
probe  inside  both  alpha  magnets,  the  APS  control  system 
could  be  used  to  automatically  adjust  the  alpha  magnet 
trim  supplies  to  zero  the  field  completely  without  the 
need  for  a  long  degauss  cycle.  This  would  assist  both  in 
experimental  operation  of  the  photocathode  gun  and  in 
the  use  of  gunl  as  a  hot-spare  injector,  as  presently  the 
gun2  alpha  magnet  degauss  is  the  longest  task  in  the 
switchover  process. 

5.3  Diagnostics 

Although  beamline  space  in  the  main  injector  area  is 
now  limited,  there  is  still  room  for  additional  diagnos¬ 
tics.  In  particular,  a  longitudinally  thin  wire  scanner 
placed  at  the  entrance  of  both  alpha  magnets  would  con¬ 
siderably  aid  in  obtaining  proper  injection  into  the  alpha 
magnets.  Also,  a  beam  position  monitor  could  be  placed 
immediately  before  the  linac  entrance  aperture.  This 
would  allow  automatic  beam  transport  and  steering  op¬ 
timization  between  either  alpha  magnet  and  the  linac 
entrance. 
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Abstract 

r 

Electron  emission  from  ceramic  disks  depends  strongly  on 
the  shape  of  the  front  electrode.  The  common  intercon¬ 
nected  grid  is  not  good  for  a  stable  emission.  An  electrode 
consisting  of  an  ensemble  of  metal  point-likeislands  within 
a  metal  ring  leads  to  quite  a  stable  emission-.  In  the  first  case 
the  sandwich  of  the  continuous  electrode  (on  one  surface) 
and  the  grating  (on  the  front  surface)  constrains  the  domain 
and  the  charge  carriers  to  move  within  the  zones  covered 
by  the  stripes,  whilst  the  quasi-open  patchy  surface  allows 
the  domain  switching  and  in  turn  the  electron  flux  over  the 
whole  area. 


1  INTRODUCTION 

The  emission  presented  in  the  paper  refers  to  energetic 
electrons  expelled  in  a  ceramic  disk  when  excited  by  a  fast 
high  voltage  pulse  applied  to  the  electrodes  deposited  on 
the  two  surfaces  [1,  2).  The  so-called  relaxors  and  an- 
tiferroelectric  ceramics  with  fast  transition  under  the  ac¬ 
tion  of  an  electric  field  are  suitable  for  electron  emission 
[3].  Lead  lanthanum  zirconate  titanate  (PLZT)  was  used 
in  the  emission  experiments,  in  proportions  of  4/95/5  and 
8/65/35,  where  the  numbers  refer  respectively  to  the  lan¬ 
thanum,  zirconium,  and  titanium  atomic  percentage.  The 
two  ceramics  are  in  the  antiferroelectric  and  ferroelectric 
(AFE-Fe)  phase  respectively  at  room  temperature  [3]. 


Figure  1 :  Sketch  of  the  two  electroding  types  of  the  front 
surface:  the  stripes  are  200  /j,m  with  an  interdistance  of  the 
same  width. 


The  emission  results  erratic  as  a  function  of  samples  and 
decaying  with  the  shot  number  when  the  conventional  grat¬ 
ing  front  electrode,  fig.l,  is  used.  The  aging  effect,  which 
leads  to  segregation  of  spontaneous  polarization  switching 
under  the  metal  strips  and  to  the  screening  of  the  domains 
of  the  uncovered  zones,  can  be  accounted  for  that  behavior 
[4],  These  segregation  processes  are  avoided  substituting 
the  grating  with  an  electrode  consisting  of  a  pattern  of  un¬ 
connected  patches  contained  within  a  ring.  The  experimen¬ 
tal  results  and  a  possible  interpretation  are  presented. 


The  application  of  a  >10  kV/cm  electric  field  through 
the  samples  induces  not  only  spontaneous  polarization 
switching  within  the  crystal,  but  also  plasma  formation  on 
the  cathode  surface  [2].  Both  processes  generate  electrons, 
but  the  former  generates  a  group  of  energetic  electrons 
(FE  electrons),  whilst  the  latter  generates  only  nonenergetic 
electrons. 

2  EXPERIMENTAL  RESULTS 

Different  patterns  of  metallic  islands  (fig.l)  were  tested: 
a)  deposition  of  a  uniform  100- A  gold  film  (which  auto- 
arranges  in  separate  patches);  b)  a  very  thin  silver  paste 
film,  which  auto-arranges  as  a  patchwork;  c)  a  uniform  fill¬ 
ing  of  the  surface  holes  (the  material  is  porous)  with  a  car¬ 
bon  paste;  and  d)  Au  evaporation  with  a  mask  of  50-^zm- 
diam  islands  with  an  interdistance  of  50  pm. 

Samples  without  metal  islands  (with  the  external  metal 
ring  only)  did  not  work;  samples  with  a  50-/zm  interdis¬ 
tance  between  islands  worked  badly.  All  the  others  always 
emitted,  but  the  shorter  the  interdistance  between  the  is¬ 
lands  the  more  stable  the  emission. 

The  repetition  rate  was  around  10  Hz  for  8/65/35  sam¬ 
ples,  it  was,  instead,  about  1  kHz  for  4/95/5  samples. 

In  the  following,  results  obtained  from  hole  filling  and 
8/65/35  samples  are  reported.  Only  unprepoled  ceramic  at 
room  temperature  was  used. 

Only  the  energetic  ferroelectric  electrons  are  collected 
at  the  anode  Faraday  cup  when  the  accelerating  voltage  is 
zero. 

a)  Negative  pulse  at  the  rear  electrode 

The  signal  obtained  with  8/65/35  material  is  reported  in 
figure  2.  First,  the  quite  good  stability  is  evident.  The 
almost  linear  increase  in  the  8/65/35  signal  is  explained 
by  the  continuous  spontaneous  polarization  switching  all 
along  the  excitation  pulse. 

The  relaxation  process  of  spontaneous  polarization  is 
longer  than  its  buildup  because  the  latter  is  driven  by  the 
fast  voltage  pulse,  while  the  polarized  state  is  metastable. 

b)  Positive  pulse  at  the  rear  electrode 

The  emission  signal  is  shown  in  fig.  3.  Note  the  good 
stability  of  the  signals  with  positive  excitation.  In  this  case, 
emission  occurs  at  the  end  of  the  pulse,  i.e.,  at  relaxation  of 
spontaneous  polarization  Ps. 

In  fig.  4  signals  obtained  with  the  negative  HV  pulse 
applied  to  the  GE  (front)  electrode  on  8/65/35  is  reported. 

In  this  experimental  configuration  the  negative  pulse  sets 
an  acceleration  field  for  the  whole  emission  phenomenon. 
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Figure  2:  The  superposition  of  100  current  signals,  upper 
trace,  and  voltage  signals,  lower  trace,  is  reported.  The 
voltage  pulse  is  applied  to  the  rear  electrode  (RE),  and  the 
sample  was  a  PLZT  8/65/35,  as  written  in  the  frame,  of  1 
mm  thickness. 


Figure  3:  As  in  fig.  2  but  with  positive  pulse  to  the  rear 
electrode  of  a  PLZT  4/95/5  sample. 


Figure  4:  Superposition  of  100  current  signals,  upper  trace, 
and  voltage  signals,  lower  trace,  are  reported.  The  voltage 
pulse  is  applied  to  the  front  electrode  (GE). 

This  explains  the  one  order  of  magnitude  higher  amplitude 
of  the  current. 

c)  Negative  pulse  at  the  rear  but  with  an  accelerating 
field  across  the  diode  gap 

The  signals  relative  to  8/65/35  samples  are  presented  in 
figs.  5,  and  6.  The  scheme  of  the  apparatus  for  these  mea¬ 


surements  is  shown  in  2 
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Figure  5:  Signals  of  the  current  and  of  the  charge  whith  an 
accelerating  voltage  of  500  V. 


Figure  6:  Ibidem  as  previous  figure  but  with  an  accelerating 
voltage  of  850  V 


Figure  7:  Sketch  of  the  experimental  apparatus  used  in  tests 
with  accelerating  field 

A  probe  tailored  for  the  measurements  of  the  high  volt¬ 
age  pulse  at  the  high  voltage  terminal  has  been  developed. 

The  current  signal  has  always  two  peaks:  the  first  can 
be  assigned  to  electrons  emitted  because  of  the  ferroelec¬ 
tric  switching,  the  second  can  be  assigned  to  plasma  pro¬ 
duced  electrons.  The  amplitude  of  the  FE  peak  did  not 
change  doubling  the  accelerating  voltage,  in  contrast  with 
the  plasma  peak  whose  amplitude  doubled.  The  emitted 
charge  corresponds  to  the  one  stored  in  the  buffer  capaci¬ 
tors. 

The  signals  were  quite  stable  in  shape  and  amplitude. 
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3  DISCUSSION 

The  experimental  observations  obtained  with  samples  elec- 
troded  with  grating  could  be  lumped  together  in  the  concept 
of  the  crystal  aging  process.  The  neat  separation  of  the 
cathode  material  in  two  parts,  one  under  the  metal  strips 
and  the  other  outside  could  induce  a  process  of  switching 
limitation  within  the  covered  zones  and  passivation  of  the 
uncovered  surface. 

The  patchy  electrode  made  the  front  surface  homoge¬ 
neous,  preventing  the  segregation  of  the  electric  field  and 
polarization  switching.  Our  phenomenological  view  of 
electron  emission  is  that  the  front  of  the  voltage  pulse  prop¬ 
agates  as  a  wave  to  the  front  surface,  the  induced  polar¬ 
ization  switching  co-propagates  with  it,  and  spontaneous 
polarization  sets  through  the  whole  sample;  this  polariza¬ 
tion  causes  strong  electric  stress  at  the  surface,  which,  in 
turn,  changes  the  electric  property  of  the  surface  from  non- 
conductive  to  substantially  conductive.  This  conclusion  is 
supported  by  two  facts:  i)  the  measured  switching  current 
dP/dt  is  the  same  as  that  obtained  with  samples  having  the 
surfaces  completely  metalized  [3];  ii)  in  [6]  a  high  mobility 
of  the  charge  carriers  within  the  stressed  region  was  mea¬ 
sured. 

When  the  voltage  excitation  pulse  is  over,  the  charge  car¬ 
riers  diffuse  through  the  surface  towards  the  external  ring 
or  through  the  bulk.  The  FE  electron  paths  through  the 
surface  are  not  fixed  because  the  surface  state  of  a  ferro¬ 
electric  ceramic  is  dynamic  and  the  surface  is  like  a  patch- 
work  of  pieces,  whose  properties  [5]  range  from  metallic 
to  insulating.  We  recall  that  relaxors  are  in  continuous  evo¬ 
lution  through  metastable  states,  as  in  the  spin-glass  sys¬ 
tems.  Similar  considerations  also  hold  for  antiferroelec- 
tric  ceramics  owing  to  the  change  of  phase  at  each  shot.  It 
could  also  be  possible  that  electrons  traveling  through  the 
surface  towards  ground  continuously  rejuvanate  the  state  of 
the  surface. 

The  emission  observed  with  an  accelerating  voltage  tells 
that  the  switching  activity  has  a  time  less  than  1  microsec¬ 
ond.  The  amount  of  charge  is  of  the  order  of  1  fxC.  The  time 
of  the  plasma  formation  results  around  1  [is.  This  matches 
with  the  time  of  its  expansion  over  the  surface  (the  diam¬ 
eter  of  the  ring  is  about  6  mm)  with  the  estimated  plasma 
velocity  of  1  cm/gs. 

4  CONCLUSIONS 

Stable  copious  emission  of  energetic  electrons  from  a  fer¬ 
roelectric  ceramic  disk,  under  the  application  of  a  fast  high- 
voltage  pulse,  was  obtained  when  the  electrode  of  the  emit¬ 
ting  surface-  was  a  uniform  pattern  of  unconnected  metal 
patches  contained  within  a  metallic  ring.  This  kind  of  front 
electrode  avoids  the  aging  process  because  the  surface  be¬ 
haves  like  an  almost  homogeneous  sheet,  and  the  charge 
carriers  migrate  from  the  external  ring  to  the  dispersed 
points  of  the  surface  and  viceversa  through  continuously 
changing  paths.  These  two  phenomena  prevent  any  segre¬ 
gation  either  of  the  electric  field  or  of  polarization,  and  the 


material  is  continuously  rejuvanated  by  the  back  and  forth 
movements  of  the  electrons  through  the  surface  and/or  the 
bulk. 

The  plasma  assisted  emission  can  be  exploited:  the  emit¬ 
ted  charge  is  determined  by  the  charge  stored  in  the  buffer 
capacitor. 
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Abstract 


Experimental  results  on  photoemission  by  ferroelectric  ce¬ 
ramic  disks,  with  a  possible  interpretation,  are  presented. 
Two  types  of  lead  zirconate  titanate  lanthanum  doped, 
PLZT,  ceramics  have  been  used  for  tests.  25  ps  light  pulses 
of  532  and  355  nm  were  used  for  excitation.  The  intensity 
ranged  within  the  interval  0.1-3  GW/cm2.  The  upper  limit 
of  the  intensity  was  established  by  the  damage  threshold 
tested  by  the  onset  of  ion  emission.  At  low  value  of  the 
intensity  the  yield  was  comparable  at  the  two  wavelengths. 
At  the  highest  intensity  of  green  light  the  emitted  charge 
was  1  nC  per  10  mm2,  but  it  was  limited  by  the  space 
charge  effect.  In  fact,  the  applied  field  was  only  20  kV/cm, 
allowed  both  by  the  mechanical  design  of  the  apparatus  and 
the  poor  vacuum,  10~4  mbar.  No  surface  processing  was 
required.  The  measurement  of  the  electron  pulse  length  un¬ 
der  way. 

1  INTRODUCTION 

Lead  zirconate  titanate  lanthanum  doped  (referred  as 
PLZT)  ferroelectric  ceramic  showed  interesting  properties 
as  photoemitter  material  [1,  2]:  this  type  of  photo-cathode 
showed  an  emissivity  higher  than  that  of  metals,  they  were 
able  to  emit  at  any  photon  energy  from  green  to  UV  and 
they  were  very  robust,  they  did  not  need  any  processing 
and,  furthermore,  they  did  not  require  high  vacuum  condi¬ 
tion. 

An  experimental  program  has  been  set  at  the  LNF  (Lab 
Nationali  Frascati-Roma)  based  on  the  fact  that  the  prop¬ 
erties  of  this  material  can  be  determined  simply  changing 
the  compositional  percentage  and  changing  the  polarization 
state.  The  physical  state  of  the  surface  is  strongly  changed 
by  prepoling  and  by  setting  a  polarization  state.  In  partic¬ 
ular,  it  seems  possible  to  set  a  polarization  state  such  that 
the  surface  electrons  are  acted  on  by  a  repulsive  force,  or, 
alternatively,  it  is  possible  to  set  at  the  surface  a  very  dense 
sheet  of  electrons[3]. 

The  sketch  of  the  experimental  setup  is  shown  in  fig.l. 
Two  incidence  angles  were  used:  60°  and  0°.  In  the  latter 
case  a  hollow  Faraday  cup  with  a  front  grid  was  used.  No 
variation  of  the  yield  was  measured  for  the  two  configura¬ 
tions. 

The  experimental  program  started  with  the  material  good 
for  emission  with  electric  excitation  [4,  5],  that  is  PLZT 
8/65/35  and  4/95/5,  where  the  numbers  refer  to  lanthanum 


Figure  1:  a)  Sketch  of  the  experimental  apparatus  used  in 
the  photoemission  experiments:  the  two  used  Faraday  cups 
are  shown  for  simplicity  on  the  same  figure  (one  behind  the 
other);  they  are  interchanged  depending  on  the  incidence 
angle,  b)  Sketch  of  the  cathode  with  the  two  front  elec¬ 
trodes  used  in  tests.  The  passively  mode  locked  Nd-YAG 
laser  provides  some  mJ  of  light  at  A  =  532  nm  for  a  pulse 
length  of  25  ps.  The  illuminated  area  was  about  10  mm2 

(in  relation  to  lead),  zirconium  and  titanium  relative  atom 
percentage.  Samples  without  and  with  prepoling,  at  room 
temperature,  were  tested.  Ceramic  8/65/35  is  in  ferroelec¬ 
tric  phase,  while  4/95/5  is  in  antiferroelectric  phase.  These 
materials  have  a  high  density  of  defects  whose  activation 
energy  is  about  1  eV  [6].  The  cathodes  are  disks  of  16  mm 
diameter  and  1  mm  thickness,  coated  by  a  uniform  metallic 
film  at  the  back  surface  and  by  either  an  external  ring  or  a 
grating  at  the  front  surface,  see  fig.l  b).  The  best  results 
came  with  the  ring  front  electrode  and  8/65/35  unprepoled 
samples. 

2  EXPERIMENTAL  RESULTS 

The  emission  in  the  log-log  diagram  from  a  PLZT  8/65/35 
is  shown  in  figs.  2  and  3.  The  emission  was  limited  by  the 
space  charge  effect  in  the  case  of  green  light  shining,  it  was 
not  in  the  case  of  violet  light  shining. 

The  damage  threshold  has  been  checked  reversing  the 
direction  of  the  accelerating  field.  In  fig.  4  it  is  shown  that 
the  energy  at  which  the  ion  emission  starts  is  farther  than 
the  beginning  of  the  space  charge  effect. 

From  figs.  2  and  3  we  notice:  a  threshold  with  green 
light,  a  yield  of  an  angular  coefficient  nearby  4  for  green 
light  and  nearby  3  for  violet  light.  Extrapolating  with  an 
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Figure  2:  Emitted  charge  versus  laser  energy  for  PLZT 
8/65/35  shined  with  green  light  in  log-log  frame.  The  line 
fitting  the  points  scales  as  Qal4. 
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Figure  3:  Emitted  charge  versus  laser  energy  for  PLZT 
8/65/35  shined  with  violet  light  in  log-log  frame.  The  slope 
of  the  line  is  Qal3. 


Figure  5:  Emitted  charge  versus  laser  energy:  the  lower 
points  are  obtained  at  7  kV  of  applied  voltage,  while  the 
points  of  the  upper  curve  are  obtained  in  succession  but 
after  having  reduced  the  voltage  to  3.5  kV.  The  hysteretic 
behavior  was  not  observed  keeping  constant  the  voltage. 


Figure  4:  Starting  of  emission  of  ions  versus  laser  energy 
with  green  light. 

accelerating  field  high  enough  to  avoid  saturation  effects, 
the  emitted  charge  at  3  mJ  of  laser  light  would  be  2  nC. 
The  value  of  quantum  efficiency  results  around  10~6  with 
both  wavelengths. 

With  violet  light  we  could  shine  with  an  energy  up  to  0.5 
mJ  only. 

The  experiments  with  the  antiferroelectric  material 
4/95/5  and  hard  ferroelectric  material  lead  titanate  (PT) 
gave  a  much  lower  yield.  The  4/95/5  material  showed  quite 
a  high  enhancement  of  the  yield  increasing  the  accelerating 
field  in  the  gap  as  shown  in  fig.  5.  It  is  notable  that  this 
antiferroelectric  material  shows  an  hysteretic  behavior  as 
function  of  the  applied  voltage. 


Figure  6:  Succession  of  two  electron  pulses  2  ns  apart 

All  the  tested  ceramics  had  the  scaling  law  Qal2  at  rel¬ 
atively  low  light  flux  for  both  wavelength. 

We  have  tested  the  emission  with  two  light  pulses  sep¬ 
arated  by  2  ns  6.  The  two  emissions  are  substantially  sta¬ 
ble.  The  system  seems  able  to  provide  pulse  trains  with 
nanosecond  time  separation. 

The  yield  of  the  prepoled  samples  was  higher  than  that 
of  the  unprepoled  ones,  but  the  damage  threshold  was  con¬ 
siderably  lower.  They  showed  an  emission  law  which  was 
a  bit  faster  than  the  two  photon  emission,  but  the  relatively 
low  damage  threshold  did  not  allow  an  efficient  emission. 

3  DISCUSSION 

The  two  main  characteristics  of  the  strong  emission  are: 
a  very  low  emission  up  to  a  laser  intensity  of  about  0.5 
GW/cm2  and  the  high  non-linearity  starting  from  that 
point.  In  addition  to  this,  the  other  notable  fact  is  the 
change  of  the  operational  regime  for  the  PLZT  4/95/5  sam¬ 
ple  when  it  is  immersed  in  a  relatively  high  electric  field. 

The  energy  diagram  of  the  material  shows  a  trap  level  at 
1  eV  from  the  conduction  band  and  has  an  estimated  elec¬ 
tron  affinity  of  3  eV.  The  electron  affinity  E0  is  not  well 
defined  because  the  surface  state  is  un-defined:  is  like  a 


1986 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


patchwork  of  pieces  with  different  physical  characteristics, 
which  range  from  insulating  to  metallic  [8].  A  value  of 
the  potential  barrier  greater  than  4  eV  is  a  fairly  crude  ap¬ 
proximation.  The  quadratic  power  law  of  the  emission  at 
both  photon  energy  of  2.3  and  3.4  eV  is  congruent  with  the 
energy  diagram. 

Furthermore,  our  disk  is  immersed  in  the  electric  field 
applied  through  the  diode  gap,  hence  a  counter  field  is  cre¬ 
ated  by  the  induced  polarization.  When  the  crystal  is  polar¬ 
ized,  there  is  a  band  bending  at  the  surfaces  with  a  potential 
well  for  electrons  at  the  positive  side  of  the  polarization. 

The  generalized  Fowler-Dubrige  theory  [7]  cannot  ex¬ 
plain  these  results.  The  emission  at  2.3  eV  and  its  non¬ 
linearity  with  a  power  equal  or  greater  than  4  would  en¬ 
vision  the  anomalous  heating  regime  [9],  cooperating  with 
the  Auger  effect  [3].  More  generally,  we  should  have  the 
concurrence  of  different  contributions:  one  and  two-photon 
emission,  thermally  assisted  and  Auger  emission. 

The  increase  of  the  emission  of  4/95/5  sample  as  a  func¬ 
tion  of  the  applied  field,  together  with  its  hysteretic  behav¬ 
ior  of  fig.  5  tells  that  the  polarization  is  very  important: 
when  the  polarization  builds  up  in  the  sample,  the  emis¬ 
sion  steps  up,  then  the  sample  remains  polarized  when  the 
electric  field  is  reduced  because  of  the  hysteresis  loop.  The 
experiment  with  PT  material  says  that  the  polarization  by 
itself  is  not  sufficient  for  obtaining  strong  emission,  but  a 
strong  doping,  that  is  a  large  number  of  defects,  must  be 
also  present. 

Assuming  that  the  electron  pulse  length  is  strictly  corre¬ 
lated  to  the  light  pulse  length,  that  is  «  25 ps,  since  the  il¬ 
luminated  area  is  about  10  mm2,  the  current  density  would 
be  higher  than  1  kA/cm2. 
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4  CONCLUSIONS. 

A  new  very  efficient  configuration  for  ferroelectric  photo¬ 
cathodes  has  been  investigated.  We  got  InC  level  of  emis¬ 
sion  only  because  the  charge  was  limited  by  space  charge 
effect.  Since  the  damage  threshold  of  a  ceramic  is  relatively 
high,  a  large  amount  of  extracted  charge  can  be  foreseen. 

The  emission  has  shown  to  be  very  sensitive  to  the  sam¬ 
ple  polarization.  This  fact  allows  to  foresee  a  large  en¬ 
hancement  of  the  quantum  efficiency  just  increasing  the 
polarization.  This  polarization  increasing  occurs  naturally 
with  the  high  electric  field  that  are  applied  in  electron  guns. 

The  characteristics  of  these  cathodes,  are:  ajstrong  ro¬ 
bustness,  they  work  in  any  kind  of  vacuum  showing  a  long 
life;  b)  they  do  not  require  any  particular  processing;  c)they 
can  be  operated  with  green  light.  In  the  next  future  the  ex¬ 
tracted  electron  beam  will  be  characterized  in  terms  of  time 
structure.  If  the  electron  pulse  duration  is  strictly  related  to 
the  laser  pulse  duration,  these  cathodes  promise  to  deliver 
current  densities  larger  than  1  KA/cm2  and  to  be  valid  com¬ 
petitors  of  both  metallic  and  alkali  cathodes. 
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Abstract 

A  major  improvement  in  the  performance  of  the  SLC  was 
achieved  with  the  introduction  of  thin  strained-layer 
semiconductor  crystals.  After  some  optimization, 
polarizations  of  75-85%  became  standard  with  lifetimes 
that  were  equal  to  or  better  than  that  of  thick  unstrained 
crystals.  Other  accelerators  of  polarized  electrons, 
generally  operating  with  a  much  higher  duty  factor,  have 
now  successfully  utilized  similar  photocathodes.  For 
future  colliders,  the  principal  remaining  problem  is  the 
limit  on  the  total  charge  that  can  be  extracted  in  a  time 
scale  of  10  to  100  ns.  In  addition,  higher  polarization  is 
critical  for  exploring  new  physics,  especially 
supersymmetry.  However,  it  appears  that  strained-layer 
crystals  have  reached  the  limit  of  their  optimization. 
Today  strained  superlattice  crystals  are  the  most  promising 
candidates  for  better  performance.  The  individual  layers  of 
the  superlattice  can  be  designed  to  be  below  the  critical 
thickness  for  strain  relaxation,  thus  in  principle 
improving  the  polarization.  Thin  layers  also  promote  high 
electron  conduction  to  the  surface.  In  addition  the  potential 
barriers  at  the  surface  for  both  emission  of  conduction- 
band  electrons  to  vacuum  and  for  tunneling  of  valence- 
band  holes  to  the  surface  can  be  significantly  less  than  for 
single  strained-layer  crystals,  thus  enhancing  both  the 
yield  at  any  intensity  and  also  decreasing  the  limitations 
on  the  total  charge.  The  inviting  properties  of  the  recently 
developed  AlInGaAs/GaAs  strained  superlattice  with 
minimal  barriers  in  the  conduction  band  are  discussed  in 
detail. 

1  INTRODUCTION 

The  polarization  of  electrons  extracted  from  ]H-V 
semiconductor  crystals  has  a  theoretical  upper  limit  of 
50%.  In  1991  it  was  first  demonstrated  that  growing  a 
thin  crystalline  layer  on  a  substrate  having  a  slightly 
different  lattice  constant  could  raise  this  limit  [1],  The 
lattice  mismatch  introduces  a  strain  in  the  epilayer  that 
removes  the  degeneracy  of  the  heavy-hole  (hh)  and  light- 
hole  (lh)  valence  bands.  Polarizations  on  the  order  of  80% 
are  routinely  achieved  from  these  strained-layer  cathodes, 
which  simultaneously  exhibit  quantum  yields,  T,  of 
>0.1%.  Such  a  cathode,  consisting  of  100-nm  of  GaAs 
grown  on  a  GaAsP  substrate,  became  the  standard  for  the 
SLC  polarized  electron  source,  eventually  accumulating 
-20,000  hours  of  operating  time  for  the  SLC  program, 
making  possible  the  single-most  precise  measurement  of 
the  electro-weak  mixing  angle,  sin2  6$ . 


Future  colliders  will  require  both  higher  polarization  and 
more  charge.  Higher  polarization  will  not  only  increase 
the  effective  luminosity  of  a  collider,  but  if  >95%  will 
also  significantly  increase  the  physics  reach,  especially  in 
the  exploration  of  supersymmetry  [2],  For  JLC/NLC,  the 
required  charge  per  100-ns  macropulse  is  -300  nC  at  the 
gun,  which  is  an  order  of  magnitude  greater  than  produced 
for  SLC.  The  problem  is  that  the  maximum  steady-state 
current  in  a  long  macropulse  that  can  be  produced  from  an 
SLC-type  cathode  is  on  the  order  of  0.2  A  cm'2,  which 
would  require  an  impractical  cathode  diameter  of  4  cm  to 
meet  the  collider  charge  requirement.  The  maximum 
current  of  an  SLC-type  cathode  can  probably  be  increased 
by  an  order  of  magnitude  simply  by  increasing  the  dopant 
density  from  the  mid  1018  cm'3  range  to  the  low  1019  cm'3 
range.  However,  both  experimental  and  theoretical  efforts 
to  date  point  to  a  limitation  of  the  polarization  of  the 
strained-layer  cathode  at  the  85-90%  level  [2], 

A  major  source  of  depolarization  for  the  strained-layer 
cathodes  is  the  relaxation  of  the  strain  as  the  distance  from 
the  heterojunction  increases  beyond  the  critical  thickness, 
hc,  for  maintaining  perfect  strain,  thus  decreasing  the 
average  hh-lh  separation.  Typically  fr.  is  -10  nm,  whereas 
the  optimum  epilayer  thickness  to  maintain  both  high 
polarization  and  high  charge  is  -100  nm.  This  problem  is 
overcome  in  principle  using  the  superlattice  (SL) 
structure,  in  which  the  hh-lh  degeneracy  is  removed  by  the 
localization  of  holes  in  quantum  wells.  Since  the  overall 
critical  thickness,  Hc,  for  a  short-period  SL  can  be 
considerably  larger  than  hc,  the  total  thickness  of  the  SL 
can  be  on  the  order  of  100  nm  without  relaxation  of  the 
strain. 

SL  structures  were  shown  to  produce  >50%  polarization 
in  1991  soon  after  the  first  strained-layer  results,  but  the 
path  to  simultaneously  high  polarization  and  high  Y  has 
taken  longer.  Recently  however,  polarizations  approaching 
90%  with  Y  within  an  order  of  magnitude  of  that  of  the 
SLC  cathodes  have  appeared  [3,4], 

2  SUPERLATTICE  WITH  ZERO 
CONDUCTION  BAND  OFFSET 

In  previously  used  AlxGa,.xAs/GaAs,  InxGa,.xAs/GaAs  and 
AlxGa,.xAs/InyGa,.yAs  SL,  the  hole  miniband  splitting 
was  accompanied  by  the  building  of  high  barriers  for 
electrons  as  a  result  of  the  high  value  of  the  ratio  of  the 
conduction-band  offset  AEC  to  the  valence-band  offset  AEV 
(AE/AEV~2)  at  the  heterointerface.  The  necessity  for  the 
electrons  to  tunnel  through  the  SL  barriers  results  in  a 
lower  electron  diffusion  rate  along  the  SL  axis 
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accompanied  by  growth  of  the  spin  relaxation  rate. 
Therefore  the  spin  diffusion  length  restricts  the  thickness 
of  the  active  layer  for  these  structures. 

The  main  advantage  of  the  AlxInyGa,.vyAs/GaAs  SL 
proposed  here  comes  from  the  band  line-up  between  the 
semiconductor  layers  of  the  SL.  The  A1  content 
determines  the  formation  of  a  barrier  in  the  conduction 
band,  while  adding  In  leads  to  conduction  band  lowering, 
so  the  conduction  band  offset  can  be  completely 
compensated  by  appropriate  choice  of  x  and  y,  while 
barriers  for  the  holes  remain  uncompensated.  Therefore  the 
use  of  superlattices  with  the  optimized  quaternary  alloy 
composition  can  provide  a  high  vertical  electron  mobility 
and  simultaneously  a  small  spin  relaxation  rate  while  also 
maintaining  a  sufficiently  large  valence-band  splitting. 

We  have  studied  an  Al<,  jolty  i8Gao62As/GaAs  SL 
consisting  of  17  pairs  of  GaAs  (4  nm)  and  AlInGaAs  (4 
nm)  Be  doped  with  density  4xl017  cm'3  except  the  top 
layer,  GaAs,  with  4xl0ls  cm'3.  The  dopant  density  was 
maintained  low  in  the  bulk  to  minimize  depolarization  but 
high  at  the  surface  to  increase  the  negative  affinity.  The 
sample  was  grown  by  molecular  beam  epitaxy  (MBE)  by 
the  Ioffe  Physico-Technical  Institute  in  St.  Petersburg  [4], 
A  protective  As  coating  was  added  as  the  final  step. 
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Fig.  1.  Energy  band  diagram  of  AlxInyGa|.x.yAs/GaAs  SL. 
The  minibands  (thin  lines)  are  identified  by  notation  el 
and  hhl,  lhl  for  electrons  and  holes  respectively. 

The  miniband  spectrum  of  the  SL  is  determined  by  the 
band  offsets  at  the  heterointerfaces.  In  the  case  of  a 
heterointerface  with  lattice  matched  ternary  solid  solution 
(e.g.,  AlxGai.xAs/GaAs)  the  conduction-band  offset  ratio, 
Qc„  is  definedas  Qct  =  AEc(x)/ AEg\(x),  where  AEgl  is 

the  differencein  the  band  gaps  of  the  contacting  crystals 
so  that  the  valence  band  offset  ratio,  Qv,  is  Qv=l-Q ■  For 
an  InyGa,.yAs/GaAs  interface  the  offset  is  modified  by  the 
strain  distribution  in  the  contacting  layers.  For  the 
structure  with  a  thin  hiyGa^yAs  layer  grown  on  a  thick 
GaAs  substrate  all  the  strain  is  assumed  to  accumulate  in 
the  InGaAs  layer.  For  this  case,  A Ec  is  given  by: 

A Ec(y)  =  Qc2M  x (A Eg2(y) + SEdf (y)), 
where  Qc2,def  *s  the  conduction-band  offset  ratio  for  the 
strained  InyGa,.yAs  layer,  while  8Egf  (y)  is  the  change  of 


the  band  gap  induced  by  strain  that  can  be  expressed 
through  interpolated  deformation  potentials,  elastic 
constants,  and  the  lattice  constant  mismatch.  For  the  case 
of  the  AlxInyGaj.x.yAs/GaAs  SL,  a  linear  interpolation 
between  the  values  for  AlxGa,.xAs/GaAs  and  InyGa,_ 
yAs/GaAs  interfaces  should  be  valid  for  small  x  and  y.  We 
have  found  that  interpolation  starting  with  the  unstrained 
value  of  the  band  offset  for  the  InyGa,. yAs/GaAs 
heterointerfacegives  band-gap  values  that  are  far  from  the 
experimental  data  obtained  from  emission  spectra.  Using 
the  band  offset  value  for  the  strained  InyGa,.yAs/GaAs 
interface,  we  get: 

A£c  (*,y)= fid  x  a%  M + Qdjef  x  (a%  (y) + SEg2  (y))  ■ 

The  schematic  of  the  position  of  the  band  edges  for 
x=0.20,  y=0.18  is  shown  in  Fig.l.  Taking  Qcl~ 0.66  and 
Qc2,dtf- 0-7,  we  have  found  that  the  conduction  band  offset 
appears  to  be  minimized  for  x=l.ly. 

The  calculated  positions  of  the  band  edges  of  the  layers 
in  the  strained  SL  sample  are  given  in  Table  1.  It  is  seen 
that  the  conduction  band  offset  does  not  exceed  20  meV. 
For  the  thermalized  electrons  at  room  temperature  the 
influence  of  the  resulting  periodical  potential  should  be 
negligible.  Besides,  as  a  result  of  the  conduction-band  line 
up,  the  4-nm  barriers  for  the  electrons  in  the  SL  are 
transparent.  Thus  the  changes  of  electron  mobility  and 
spin  relaxation  rate  should  be  small  compared  to  pure 
GaAs. 

It  is  seen  from  Fig.  1  and  the  data  of  Table  1  that  the 
strain  of  the  AlJnyGa^.yAs  layers  produces  barriers  for 
both  heavy  and  light  holes,  the  barrier  for  the  light  holes 
being  75  meV  higher,  which  leads  to  additional  hole- 
miniband  splitting  favorable  for  the  electron  optical 
orientation. 


Table  1.  The  positions  (in  eV)  of  the  band  edges  at  room 
temperature  in  an  Al020In0  ^Ga^As/GaAs  SL  sample.3 
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-0.138 

1.423 

1.445 

1.422 

1.501 

*l-GaAs,  2-  AIJnyGa,.,.,  As  layer. 
b  Zero  energy  is  at  valence-band  edge  of  the  GaAs  layer. 


The  choice  of  the  layer  thickness  is  dictated  by  the  need 
to  split  the  hole  minibands.  The  splitting  grows  when 
barriers  are  broad  enough  and  wells  are  narrow  and  deep. 
Still  the  thickness  of  the  strained  AlxInyGa,.x.yAs  layer 
should  be  less  than  the  critical  thickness  hc(y).  The  overall 
critical  thickness  for  the  superlattice  with  alternating 
layers  of  equal  thickness  can  be  estimated  as  Hc=hc(y/2). 
The  thickness  of  a  single  AlxInyGaj.x.yAs  layer  was  taken 
to  be  4  nm  (to  be  less  than  the  calculated  hc(y)),  and  in 
accordance  with  X-  ray  data  the  chosen  thickness  of  the 
SL  sample  (0.136  pm)  exceeded  //cmuch  less  than  in  the 
case  of  a  cathode  structure  with  one  strained  GaAs  layer. 

A  model-dependent  calculation  of  the  hole  miniband 
energies  yields  absolute  values  of  Em  =  13  meV  and 
Elh\  =  54  meV.  For  a  small  conduction-band  offset  the 
electronic  band  can  be  taken  as  the  average  of  the 
conduction-band  energies  of  the  contacting  layers.  Thus 
the  band  gap,  Eg ,  can  be  estimated  as: 
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Fig.  2.  Electron  spin  polarization  and  quantum  yield  as  a  function  of  excitation  energy  at  room 
temperature  for  the  AlojoIno  ^Ga^As/GaAs  SL  sample  (SPTU  data).  The  band  gap  energy  Eg  and  the 
light  hole  excitation  energy  Elh  are  indicated  by  arrows. 


Eg  ~  Egl  +  Ehh\  +  (Ec2  ~  Ecl  )/2  - 
which  is  in  line  with  experiment. 

3  EXPERIMENTAL  RESULTS 

The  Mott  analysers  both  at  St.  Petersburg  Technical 
University  (SPTU)  and  at  the  Stanford  Linear 
Accelerator  Center  (SLAC)  were  used  to  measure  the 
spin  polarization,  P,  of  photoelectrons. 

In  Fig.  2  the  polarized  emission  and  quantum  yield 
data  measured  at  SPTU  are  shown  as  a  function  of  the 
optical  excitation  energy.  The  maximum  polarization 
obtained  was  86%  and  the  corresponding  quantum  yield 
was  7.5x10  3%.  The  yield  for  the  excitation  energy  at 
the  polarization  maximum  is  sensitive  to  the  activation 
procedure  and  the  vacuum  in  the  setup.  At  SLAC, 
P=82.7%  with  T=9.4xl0'2%  was  obtained  for  a  crystal 
obtained  from  the  same  wafer.  For  another  sample  (not 
shown),  in  which  the  time  lapse  between  the  two  sets 
of  measurements  was  very  short,  the  polarization 
results  were  found  to  be  similar  despite  the  somewhat 
different  techniques  of  sample  preparation,  activation, 
and  vacuum.  Due  to  better  vacuum  conditions  in  the 
SLAC  apparatus,  the  values  of  Y  measured  there  were 
regularly  higher  than  those  measured  at  SPTU. 

The  maximum  current  density  that  can  be  extracted 
from  the  SL  samples  similar  to  the  one  described  above 
have  yet  to  be  determined.  Initial  measurements  at 
SLAC  gave  anomalously  low  values,  perhaps  because 
the  surfaces  were  being  heat-cleaned  at  600  °C  exactly 
as  for  the  SLC  strained-layer  cathodes.  Other  SL 
structures-all  of  which  were  produced  in  Japan-that 
have  been  studied  for  charge  limit  have  shown  normal 
emission  after  removal  of  the  As  cap  at  low  (-400  °Q 
temperature  [5,6], 


There  is  now  strong  evidence  that  the  SCL  can  be 
overcome  by  using  extremely  high  dopant  density 
(>4xl019  cm'3)  in  at  least  the  surface  layer  [6].  This 
greatly  reduces  the  barrier  to  holes  tunneling  to  the 
surface,  which  are  responsible  for  neutralizing  the 
surface  charge.  It  may  also  be  necessary  to  increase  the 
negative  affinity  at  the  surface  by  using  a  large  band 
gap  and  also  possibly  a  large  offset  of  the  conduction 
miniband.  All  of  these  parameters  are  easily  controlled 
for  an  MBE-grown  SL  structure  with  compensated 
conduction  band  as  described  here. 

4  CONCLUSIONS 

Electron  spin  polarization  as  high  as  86%  has  been 
obtained  at  room  temperature  from  strained  AlxInyGalx_ 
yAs/GaAs  superlattice  with  minimal  conduction  band 
offset.  Modulation  doping  of  the  SL  provides  high 
polarization  and  high  quantum  yield.  The  position  of 
the  polarization  maximum  can  be  easily  tuned  to  an 
excitation  wavelength  by  choice  of  the  SL 
composition.  Further  improvement  of  the  emitter 
parameters  can  be  expected  with  additional  optimization 
of  the  SL  structure  parameters. 
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Abstract 

Construction  is  underway  at  Jefferson  Lab  on  a  load- 
locked  polarized  electron  source.  The  design  incorporates 
all  of  the  essential  features  of  the  existing  non  load- 
locked  gun  and  improves  on  the  designs  of  existing  load- 
locked  guns  operating  at  other  labs.  When  complete,  we 
expect  the  new  load-locked  gun  to  enhance  the  versatility 
of  the  JLAB  polarized  injector. 

1  INTRODUCTION 

Historically,  load-locked  guns  have  been  constructed  as  a 
means  of  circumventing  seemingly  insurmountable 
obstacles  that  have  prevented  labs  from  delivering 
reliable  polarized  beam  to  physics  end-stations.  For 
example,  at  SLAC,  prior  to  the  construction  of  their  load- 
locked  gun,  full  cathode  activation  in  the  main  gun 
chamber  caused  high  voltage  breakdowns.  It  is  believed 
that  the  high  voltage  breakdowns  were  associated  with 
cesium  deposition  on  the  cathode  electrode  during  the 
initial  activation  [1].  Once  this  process  (i.e.,  initial  full 
activation  of  the  photo  cathode)  was  performed  in  the 
preparation  chamber  of  their  load-locked  gun,  the  high 
voltage  incidents  ceased.  At  MAMI,  short  cathode 
lifetimes  (-  hours)  necessitated  frequent  cathode 
replacement,  a  situation  that  prevented  reliable  beam 
delivery  to  nuclear  physics  users  during  a  typical  months- 
long  experiment  [2],  The  load-locked  gun  at  MAMI  now 
allows  the  accelerator  staff  to  change  photo  cathodes  with 
minimal  delay  (few  hours)  to  the  nuclear  physics 
program. 

At  Jefferson  Lab,  we  have  demonstrated  that  a  load- 
locked  gun  is  not  essential  to  meet  the  demanding 
requirements  of  the  Jefferson  Lab  nuclear  physics 
program.  For  example,  unlike  SLAC,  we  do  not  have  any 
high  voltage  problems  associated  with  doing  cathode 
activation  in  the  gun  proper  and,  unlike  MAMI,  our 
cathode  life  at  high  current  is  excellent.  Over  the  past  two 
years,  we  have  identified  a  number  of  mechanisms  that 
contribute  to  the  decay  of  photo  cathode  quantum 
efficiency.  Understanding  these  decay  mechanisms  has 
allowed  us  to  implement  design  changes  to  our  non-load- 
locked  gun  that  have  resulted  in  exceptional  lifetime  (1/e 
lifetime  >  than  100  H  at  100  pA,  >  1000  H  at  10  pA)  [3], 
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With  our  present  non-load-locked  gun,  10’s  of 
Coulombs  can  be  delivered  to  Users  before  intervention 
(i.e.,  re-cesiation  or  heat  treatment  followed  by  full 
activation)  is  required.  Such  polarized  source 
performance  means  that  intervention  can  occur  during  a 
scheduled-maintenance  day,  (every  other  week  at  JLAB) 
with  no  impact  on  the  physics  program. 

Still,  the  obvious  disadvantage  of  the  present  non-load- 
locked  gun  is  that  a  bake-out  is  required  when  photo 
cathode  replacement  is  necessary.  We  have  reduced  the 
entire  replacement  process  (photo  cathode  replacement, 
bake-out  and  gun  re-commissioning)  down  to  fifty-two 
hours  beam  to  beam  -  albeit  small,  but  still  a  delay. 
Although  we  do  not  expect  to  improve  the  inherent 
performance  of  the  non-load-locked  gun,  we  believe  a 
load-locked  gun  will  greatly  enhance  the  versatility  of  the 
polarized  injector.  With  a  load-locked  gun,  we  could 
rapidly  change  photo  cathodes  to  meet  changing  demands 
of  the  nuclear  physics  program,  and  during  biannual 
facility  development  periods;  we  could  change  photo 
cathodes  quickly  to  conduct  photo  cathode  research  using 
the  superb  diagnostics  in  the  injector. 

Before  making  specific  design  plans,  we  outlined  the 
basic  features  of  the  Jefferson  Lab  load-locked  gun. 
These  features  are  based  on  our  experiences  at  JLAB  and 
the  experiences  of  our  colleagues  at  other  Labs.  They 
include: 

•  Installation  of  the  photo  cathode  from  air  to  the  gun 
chamber  must  take  less  than  six  hours. 

•  The  load-lock  vacuum  chamber  must  be  at  ground 
potential  and  there  must  be  no  moving  parts  at  high 
voltage. 

•  The  gun  and  bend  magnet  must  produce  beam  in  the 
horizontal  plane;  the  bend  magnet  must  not  deflect 
the  beam  more  than  15  degrees. 

•  There  will  be  four  chambers;  a)  main  gun  chamber, 
b)  cathode  preparation  chamber,  c)  heat  cleaning 
chamber,  and  d)  atomic  hydrogen  cleaning  chamber 
where  samples  are  inserted  into  the  load-lock 
mechanism  and  cleaned  with  atomic  hydrogen 

•  A  fifth  chamber  may  be  added  for  storage  of  photo 
cathodes  or  cleaned  wafers  ready  for  activation. 

•  Gun  features  that  have  proven  to  be  essential  on  the 
non-load-locked  gun  (superb  vacuum,  electrodes 
designed  specifically  for  Jefferson  Lab  beam  current 
requirements,  electron  optics  that  minimize  stray 
electrons  hitting  vacuum  chamber  walls,  etc.)  must 
be  incorporated  into  the  load-locked  gun  design. 
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A  brief  description  follows  of  the  load-locked  gun  being 
assembled  with  specific  detail  on  the  major  points  of 
interest. 

2  MAIN  GUN  CHAMBER 

The  gun  design  (figure  1)  is  a  novel  one  as  it  makes  use 
of  the  better  electron  optics  of  a  horizontal  configuration, 
has  no  moving  parts  at  HV  and  has  all  adjacent  chambers 
at  ground  potential.  Low  base  pressure  (with  and  without 
beam  extraction)  and  wise  choice  of  materials  is  thought 
to  be  the  most  important  ingredient  for  long  photo 
cathode  lifetimes.  The  main  gun  chamber  is  manufactured 
from  a  standard  six-way  stainless  steel  cross.  It  has  one 
220  1/s  ion  pump  and  three  GP  500  MK  2,  SORB-AC 
SAES  cartridge  pumps  symmetrically  located  around  the 
photo  cathode.  The  non  evaporable  getter  (NEG)  pumps 
are  well  suited  for  pumping  CO,  C02  and  greatly  enhance 
the  pumping  speed  (-  4000  1/s)  for  hydrogen,  the 
dominant  gas  species  in  the  vicinity  of  the  photo  cathode. 
Pressure  in  the  gun  chamber  is  further  reduced,  because 
all  cathode  preparation  is  done  in  a  separate  chamber.  We 
have  achieved  pressures  below  lxlO12  Torr  with  a  similar 
gun  [4]  pumped  by  a  massive  NEG  array.  That  was 
measured  by  an  extractor  gauge  with  a  measurement  limit 
claimed  to  be  1x10 12  by  the  manufacturer. 

A  stainless  steel  tee  supports  the  cathode  electrode 
which  has  a  shape  designed  for  high  current  operation  and 
is  made  of  titanium  alloy  (Ti-6A1-4V).  The  titanium 
exhibits  better  high  voltage  performance  (ie  conditioning, 
low  field  emission  current  at  full  gun  fields,  etc.)[5].  The 
ceramic,  to  isolate  the  100  kV  (120  kV  peak)  high 
potential,  is  located  vertically  so  that  photo  cathode 
preparation  is  performed  at  ground  potential.  A 
molybdenum  puck,  which  carries  the  cathode  wafer,  is 
similar  in  concept  to  the  SLAC  design.  The  puck  is  held 
in  place  inside  the  tee  supporting  the  cathode  with  a  stem 
spring  holder  and  sapphire  rollers.  The  electrode  holder, 
triple  point  protectors  and  internal  surfaces  of  the  six-way 
cross  are  electropolished  while  the  electrodes  are 
metallographically  polished  with  diamond  paste.  The 
anode,  also  manufactured  of  titanium  alloy,  is  mounted 
on  a  stainless  steel  spider  with  a  large  open  area  to 
increase  vacuum  conductance  from  the  gun  proper 
through  a  2.5-inch  beam  line.  A  channel  cesiator  is 
provided  behind  the  anode  for  in  situ  “touch-up”. 
Alignment  of  the  electrodes  relative  to  the  beam  axis  was 
accomplished  to  better  than  a  Vt  mm. 

A  Surface  Interface  (SI)  manipulator  [6],  on  the  beam 
axis  which  can  both  translate  and  rotate,  is  used  to  move 
the  puck  between  the  preparation  chamber  and  the  gun 
(figure  2).  A  silver  plated  stainless  steel  adapter,  mounted 
on  the  manipulator  engages  a  set  of  transfer  ears  inside 
the  puck  to  allow  attachment  and  release  of  the  puck. 
Movement  of  the  puck  into  and  out  of  the  gun  has  worked 
smoothly  although  we  have  not  yet  baked  out  the  entire 
apparatus.  Isolation  between  the  gun  and  the  cathode 


preparation  chamber  is  accomplished  through  a  1.5-inch 
ultra  high  vacuum  metal  sealed  VAT  valve  [7]. 

3  CATHODE  PREPARATION  CHAMBER 

The  cathode  preparation  chamber  contains  all  of  the 
components  to  produce  negative  electron  affinity  (NEA) 
photocathodes:  a  stainless  steel  chamber  with  eight  ports 
placed  around  the  circumference.  Two  ports  are  used  for 
the  SI  manipulators,  the  others  ports  are  for  a  40  1/s 
sputter  ion  pump,  a  GP  100  SAES  NEG,  a  channel 
cesiator,  a  NF3  oxidizer,  an  optical  window  with  a  mirror 
for  light  and  a  ring  anode.  In  addition,  a  SRA  [8]  residual 
gas  analyzer  (RGA)  and  an  extractor  gauge  have  been 
added  for  vacuum  diagnostics.  On  beam  axis  of  the 
chamber  is  the  SI  manipulator,  previously  mentioned,  that 
transfers  the  puck  into  the  gun.  The  puck  is  transferred 
from  the  on  axis  to  the  transverse  manipulator  via  an 
aluminum  clamp  that  attaches  to  the  molybdenum  puck. 
This  transfer  from  gun  manipulator  to  load  lock 
manipulator  has  also  worked  smoothly;  again  we  have  not 
baked.  Pressure  in  the  cathode  preparation  chamber  is 
maintained  at  better  than  IE'9  Torr.  At  some  point,  we 
may  add  a  storage  area  to  the  preparation  chamber  that 
will  allow  us  to  activate  a  number  of  wafers  during  an 
accelerator  maintenance  day  and  store  them  for  future 
use.  Separating  the  cathode  preparation  chamber  from 
the  next  chamber  -  heat-cleaning  chamber  is  a  2.5-inch 
VAT  ultra  high  vacuum  metal  sealed  valve. 

4  HEAT  CLEANING  CHAMBER 

Heating  the  photocathode  samples  is  accomplished  in  a 
separate  chamber  in  a  manner  that  differs  from  techniques 
used  at  other  labs.  The  heat-cleaning  chamber  is 
fabricated  from  two  six-way  stainless  steel  crosses  and 
one  water-jacketed  spool  piece  where  the  heating  takes 
place.  A  SI  manipulator  allows  transfer  of  the  puck 
between  the  load-locked  or  the  cathode  preparation 
chambers  into  the  heat-cleaning  chamber.  A  Research 
Inc.  model  4085  infrared  spot  heater,  powered  by  a 
Chromolox  Port  -12221  control  system  is  used  to  heat  the 
wafer  to  -  600  C  at  a  ramp  rate  up  and  down  of  1  degree 
C  per  second.  The  chamber  is  also  equipped  with  active 
cooling.  The  heater  is  capable  of  750  W  although  we  have 
found  that  375  W  appears  to  be  sufficient  and  have 
limited  the  power  supply.  A  thermocouple  in  the  IR 
beam  is  presently  used  for  control  of  the  heater.  We  are  in 
the  process  of  developing  the  parameters  (rates  of 
heating,  thermocouple  location,  pressure  rise,  etc.)  for  the 
heat-cleaning  chamber.  Separating  the  cathode 
preparation  chamber  from  the  heat-cleaning  chamber  is  a 
2.5-inch  VAT  ultra  high  vacuum  metal  sealed  valve.  We 
hope  to  maintain  ultra  high  vacuum  using  a  combination 
of  a  40  1/s  ion  pump  and  a  GP100  SAES  NEG  to 
minimize  the  pressure  rise  during  the  heating  cycle  and  to 
remove  the  hydrogen  which  is  desorbed  from  the  wafer 
due  to  the  hydrogen  cleaning  process.  A  similar  2.5-inch 
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VAT  ultra  high  vacuum  metal  sealed  valve  separates  the 
heat  cleaning  chamber  from  the  atomic  hydrogen  cleaning 
chamber. 

5  ATOMIC  HYDROGEN  CLEANING  AND 
LOAD  LOCK  CHAMBER 

The  primary  function  of  this  chamber  is  to  introduce  a 
number  of  different  wafers  on  pucks  and  store  them  for 
eventual  processing.  Processing  that  takes  place  in  the 
load  lock  is  atomic  hydrogen  cleaning  which  is  now  the 
only  cleaning  method  used  to  prepare  photo  cathodes  at 
JLAB  [9].  To  maximize  quantum  efficiency  we  have 
incorporated  an  in  situ  atomic  hydrogen  cleaner.  The 
highest  quantum  efficiencies  achieved  at  JLAB  have  been 
wafers  that  were  cleaned  in  situ  in  a  low  voltage  test 
chamber.  Similar  efficiencies  have  been  achieved  when 
samples  obtained  in  a  portable  cleaning  chamber  were 
transferred  through  air  and  installed  in  a  gun.  A  Balzer 
model  TMU-071  turbo-pump  is  used  during  atomic 
hydrogen  cleaning  where  typical  values  for  temperature 
and  pressure  near  the  sample  are  350  C  and  lxlO'5  Torr 
respectively.  The  load  lock  makes  use  of  the  identical 
infrared  heater  presently  used  in  the  heat-cleaning 
chamber  to  raise  sample  temperature  for  atomic  hydrogen 
cleaning.  It  is  anticipated  that  in  situ  atomic  hydrogen 
cleaning  will  provide  a  means  to  clean  exotic  photo 
cathode  materials  for  which  wet  chemistry  techniques  are 
incapable;  for  example,  chalcopyrites  that  contain  silicon. 

6  CONCLUSIONS 

In  summary,  we  have  discussed  the  design  of  the 
polarized  electron  gun  and  its  associated  processing 
chambers.  We  have  developed  a  100  kV  photoemission 
electron  source,  which  currently  supports  the  delivery  of 
highly,  polarized,  high  average  current  CW  electron 
beams  with  long  cathode  operational  lifetime.  The  new 
load-locked  source  incorporates  the  capability  of 
exchanging,  cleaning  (both  atomic  hydrogen  and  heat) 
and  activating  (co-deposition  of  cesium  and  NF3)  the 
photo  cathodes  without  breaking  the  necessary  ultra  high 
vacuum.  The  gun  chamber  proper  is  separated  from  the 
preparation,  heating  and  cleaning  load  lock  chambers  so 
that  it  is  capable  of  reaching  the  extreme  high  vacuum 
regime  to  obtain  long  cathode  lifetimes. 


Fig.  2 
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KEK  ATF  INJECTOR  UPGRADE* 

A.  D.  Yeremian*,  D.  J.  McCormick,  M.  C.  Ross,  SLAC,  Stanford,  CA 
H.  Hayano,  T.  Naito,  KEK,  Tsukuba,  Japan 


Abstract 

The  main  goal  at  the  Accelerator  Test  Facility  (ATF)  at 
the  KEK  laboratory  in  Japan  is  to  develop  the  technology 
that  can  stably  supply  the  main  linac  with  an  extremely 
flat  multi-bunch  beam.  The  injector  for  this  accelerator 
was  upgraded  to  produce  greater  than  2  x  1010  in  electrons 
a  single  bunch  at  80  MeV  in  a  very  narrow  bunch. 

1  INTRODUCTION 

The  ATF  accelerator  consists  of  an  injector  up  to 
80  MeV,  the  main  S-band  linac  up  to  1.3  GeV  and  a 
Damping  Ring  [1].  The  injector  consists  of  a  thermionic 
gun,  two  357  MHZ  subharmonic  bunchers,  an  S-band 
buncher,  a  3-m  accelerator  structure,  many  solenoids  and 
diagnostics.  The  injector  was  upgraded  to  produce  more 
than  2  xlO10  electrons  in  20  ps  of  a  single  bunch  and  with 
the  potential  for  greater  than  80%  charge  transmission 
from  the  gun  to  the  end  of  the  linac. 

2  BEAMLINE  MODIFICATIONS 

The  modified  beam  line  is  shown  in  figure  1.  The  main 


aspects  of  the  modification  include  relocation  of  the 
existing  subharmonic  bunchers  for  improved  bunching 
thus  the  potential  for  a  small  energy  spread  at  the  end  of 
the  linac  and  redistribution  of  the  solenoids  for  smaller 
beam  size  and  better  transmission  through  the  injector  3-m 
accelerator  structure.  Additionally  some  beam-pipes  were 
replaced  to  allow  for  larger  apertures,  and  some  steering 
coils  were  added  to  allow  for  more  adiabatic  steering 
correction  in  the  solenoid  region.  One  of  the 
considerations  during  the  design  of  the  upgrade  was  to  use 
as  much  of  the  existing  hardware  as  possible  to  save  costs. 
Figure  1  shows  a  diagram  of  the  modified  injector  beam 
line.  All  the  major  components,  the  gun,  the  bunchers,  the 
3-m  accelerator  section  and  all  but  one  of  the  solenoids 
are  the  original  hardware  on  the  ATF  injector  beam  line. 

Almost  all  the  diagnostics  in  the  modified  injector  came 
from  the  old  injector  [2]  except  for  an  external  bunch 
length  monitor  cavity  [3]  between  the  S-band  buncher  and 
the  accelerator  section.  This  monitor  as  well  as  one 
solenoid,  some  steering  coils  and  some  power  supplies 
came  from  SLAC. 
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Figure  1.  Schematic  diagram  of  the  new  KEK  ATF  injector  beam  line. 
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3  SIMULATION 

Simulations  for  the  beam  line  upgrade  were  conducted 
using  PARMELA.  As  input  to  PARMELA  the  simulated 
beam  parameters  of  the  existing  gun  [4]  and  the  simulated 
and  measured  parameters  of  the  existing  bunchers  [5] 
were  used.  The  locations  and  strengths  of  the  bunchers 
were  optimised  for  best  bunching  and  the  locations  of 
solenoids  and  their  strengths  were  optimised  for  optimum 
beam  spot  size  in  the  bunching  and  acceleration  region  up 
to  80  MeV.  After  the  ideal  locations  were  determined,  we 
found  that  it  was  impossible  to  fit  some  of  the  solenoids 
near  the  subharmonic  bunchers  exactly  where  we  wanted 
them  to  be  on  the  beam  line  because  of  physical  obstacles 
that  would  be  too  costly  to  remedy.  Thus,  we  did  the  best 
we  could  on  the  beam  line  and  ran  the  simulations  again 
with  the  actual  locations  of  the  solenoids.  We  found  that 
this  only  cost  us  a  few  percent  in  transmission  in  the 
simulation,  but  it  also  reduced  the  margin  between  the 
beam  envelop  and  the  aperture  at  the  entrance  to  the  S- 
band  buncher. 

Figure  2  shows  the  axial  magnetic  field  profile  from  the 
gun  up  to  the  end  of  the  accelerator  section  at  80  MeV, 
known  as  the  treaty  point  where  the  injector  ends  and  the 
linac  begins.  Simulations  downstream  of  the  treaty  point 
are  conducted  using  codes  which  do  not  take  into  account 
space  charge  forces  and  are  not  the  subject  of  this  paper. 
The  gun  anode  tip  is  at  Z=0,  the  S-band  buncher  spans 
from  287  cm  to  314  cm,  and  the  accelerator  spans  from 
339  cm  to  646  cm.  The  axial  magnetic  field  is  about 
100  Gauss  from  the  gun  to  the  S-band  buncher  and  rises 
rapidly  to  about  1.7  KG  on  the  accelerator  section. 

Figure  3  shows  the  simulated  beam  envelop  from  the 
gun  up  to  the  treaty  point.  The  solid  lines  represent  the 
physical  apertures  in  the  beam  pipe,  the  subharmonic 
bunchers,  in  the  S-band  buncher,  and  in  the  accelerator 


Figure  2.  Simulated  axial  magnetic  field  profile  from  the 
gun  to  the  end  of  the  injector. 


section.  As  it  can  be  seen  in  the  figure,  the  smallest 
margin  between  the  beam  envelop  and  the  aperture  is  at 
the  entrance  to  the  S-band  buncher. 


Figure  3.  Simulated  beam  envelop  from  the  gun  to  the 
end  of  the  injector. 


Figure  4  shows  the  beam  parameters  at  the  end  of  the 
3-m  accelerator  section  (treaty  point)  where  the  beam 
energy  is  78.3  MeV. 

In  the  simulations  96%  of  the  charge  from  the  gun 
reaches  the  treaty  point,  but  only  83%  is  in  the  20  ps 
constituting  the  main  bunch.  The  rest  of  the  charge  is  in 
the  low  energy  tail  or  in  satellite  bunches.  Most  of  the 
low  energy  particles  are  lost  in  a  real  beam  line  where 
steering  is  required  to  minimise  the  deviation  of  the  bunch 
orbit  from  the  centre  line.  The  steering  is  optimised  for 
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Figure  4.  Simulated  electron  beam  parameters  at  the  end 
of  the  injector  at  nominal  80  MeV.  a)  temporal 
distribution,  b)  X  -Y  space,  c)longitudinal  phase  space, 
d)  energy  distribution, 
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the  main  bunch  energy  and  particles  with  much  lower 
energy  tend  to  be  intercepted  by  the  beam  line  aperture. 
The  total  energy  spread  is  about  4  MeV  or  about  5%. 
Since  the  first  portion  of  the  accelerator  structure 
contributes  to  the  bunching  process  this  energy  spread  is 
inevitable.  However  since  this  energy  spread  is  correlated 
with  bunch  length,  it  can  be  taken  out  in  the  next 
accelerating  structure  by  phasing  it  such  that  the  bunch 
rides  slightly  behind  the  crest  of  the  RF.  The  transverse 
beam  profile  shows  that  there  is  a  dense,  3mm  diameter 
core  and  a  halo  that  spans  out  to  10  mm  in  diameter.  The 
halo  is  mainly  composed  of  the  low  energy  particles. 

4  INITIAL  COMMISSIONING 

Once  the  physical  beam  line  modifications  were 
complete  and  systems  were  checked  out,  we  spent  about  4 
shifts  to  commission  the  new  beam  line.  We  set  the 
amplitudes  of  the  bunchers  and  the  strengths  of  the 
solenoids  to  the  simulated  values  and  adjusted  the  phases 
of  the  bunchers  to  minimise  the  bunch  length  at  the  streak 
camera  screen  at  the  end  of  the  injector  accelerator 
section.  In  addition  we  adjusted  a  few  of  the  solenoid 
strengths  very  slightly  and  steered  the  beam. 

Figure  5  shows  a  photograph  of  one  of  the  streak  camera 
signals  for  a  bunch  with  2.2  x  1010  electrons  in  24  ps  at  the 
end  of  the  first  accelerator  section  (the  treaty  point).  In 
this  case  we  set  the  gun  for  2.7  xlO10  electrons  per  bunch. 
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Figure  5.  Streak  camera  picture  of  the  bunch  length  at  the 
end  of  the  injector  for  2.2  x  1010  electrons. 

Table  1  shows  the  simulated  and  achieved  beam 
parameters.  All  the  parameters  are  in  good  agreement 
with  respect  to  the  simulations  except  for  the  energy 
spread  which  was  higher  than  the  simulated  5.8%.  This 
value  was  very  difficult  to  measure  and  even  more 


Table  1 :  Simulation  and  Experimental  Electron  Beam 
parameters  at  the  end  of  the  injector  (treaty  point) 


Simulation 

Experimen 
tal  results 

At  the  Gun 

Charge,  10loe- 

2.7 

2.7 

PW*.  ns 

1.2 

1.2 

Energy,  KeV 

180 

180 

End  of  Injector 

Total  Charge,  10,0e- 

2.6 

2.2 

Charge  in  20°,  10,0e- 

2.2 

2.2 

PW^,  ps 

20 

24 

Satellite  bunches,  no. 

2 

0 

Emittance,  mm-mrad 

17 

Energy,  MeV 

78.3 

81 

AE/Eed„,  % 

5.8 

>5.8 

difficult  to  set.  One  of  the  complications  is  that  in  order  to 
adjust  the  phase  of  the  first  accelerator  structure,  one  has 
to  adjust  the  phase  of  the  klystron  which  feeds  both  the 
buncher  and  the  accelerator  and  then  readjust  the  buncher. 
While  adjusting  these  two  knobs  one  has  to  look  at  a 
myriad  of  diagnostics  -  minimise  bunch  length,  minimise 
energy  spread,  maximise  beam  transmission  and  minimise 
beam  orbit. 

One  cause  of  the  additional  energy  spread  could  be  that 
in  the  first  accelerator  section  the  beam  does  not  slip  to  the 
crest  at  the  same  rate  as  it  does  in  the  simulation.  One 
remedy  for  this  would  be  to  slightly  change  the 
temperature  of  the  accelerator  structure,  thus  changing  the 
its  frequency.  The  effect  is  the  adjustment  of  the  phase 
slippage  rate  of  the  beam  with  respect  to  the  RF  in  the 
accelerator. 

As  expected  the  total  transmission  from  the  gun  to  the 
treaty  point  is  less  than  the  simulations  results,  but  the 
bunch  charge  and  width  are  very  close  to  the  predictions. 
We  were  able  to  accelerate  2.2  x  1010  electrons  in  a  24  ps 
FW  bunch  with  82%  transmission  from  the  gun  to  the  end 
of  the  injector. 
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Abstract 

Photocathode  rf  guns  depend  on  mode  locked  laser 
systems  to  produce  an  electron  beam  at  a  given  phase  of 
the  rf.  In  general,  the  laser  pulse  is  less  than  Oz  =  10°  of 
rf  phase  in  length  and  the  required  stability  is  on  the  order 
of  A(j)  =  1°.  At  90  GHz  (W-band),  these  requirements 
correspond  to  <JZ  =  333  fsec  and  A <j)  =  33  fsec.  Laser 
system  with  pulse  lengths  in  the  fsec  regime  are 
commercially  available,  the  timing  stability  is  a  major 
concern.  We  propose  a  multi-cell  W-band  photoinjector 
that  does  not  require  a  mode  locked  laser  system.  Thereby 
eliminating  the  stability  requirements  at  W-band.  The 
laser  pulse  is  allowed  to  be  many  rf  periods  long.  In 
principle,  the  photoinjector  can  now  be  considered  as  a 
thermionic  rf  gun.  Instead  of  using  an  alpha  magnet  to 
compress  the  electron  bunch,  which  would  have  a 
detrimental  effect  on  the  transverse  phase  space  quality  due 
to  longitudinal  phase  space  mixing,  we  propose  to  use 
long  pulse  laser  system  and  a  pair  of  undulators  to  produce 
a  low  emittance,  high  current,  ultra-short  electron  bunch 
for  beam  dynamics  experiments  in  the  90  GHz  regime. 

1  INTRODUCTION 

In  this  paper  we  present  a  detailed  rf  and  beam  dynamics 
design  of  an  90  Ghz  electron  source  for  use  as  a  source  of 
unpolarized  electrons  for  a  switched  matrix  accelerator  [1]. 
RF  simulations  in  both  the  frequency  and  time  domains 
were  conducted  using  GdifidL  [2],  The  beam  dynamics 
simulations  were  conducted  using  HOMDYN  [2]  and 
ITACA  [3],  The  design  parameters  of  this  injector  are 
listed  in  Table  1. 

2  THEORY 

The  scaling  of  a  S-band  design  up  to  W-band  following 
scaling  laws  [4]  for  RF  guns  brings  to  on  cathode 
emissivity  which  are  well  present  state  of  the  art.  In  fact, 
since  bunch  sizes  scale  like  RF  wavelength  as  well  as  for 
the  bunch  charge,  that  implies  that  bunch  peak  current 
scales  invariant  while  current  density  scales  like  the  square 
of  the  frequency.  This  leads  to  a  current  density  in  excess 
of  a  few  MA/cm2  if  the  BNL/UCLA/SLAC  [5]  gun 
design  is  scaled  up  to  91  GHz  (see  Table  1).  Furthermore, 
the  cathode  RF  peak  field,  as  well  as  the  solenoid  peak 
field,  scale  like  the  frequency  leading  to  a  peak  field  in 
excess  of  3  GV/m  and  a  solenoid  peak  field  of  several 
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Teslas.  Because  of  the  tight  requirements  imposed  by  a 
pure  scaling,  together  with  the  requirement  of  a  laser 
phase-jitter  less  than  30  fs,  we  abandon  the  conventional 
scheme  for  RF  guns  and  adopt  a  different  lay-out. 

We  follow  the  scheme  presented  in  [6],  where  a  laser 
pulse  longer  than  the  rf  period  is  sent  onto  the  photo¬ 
cathode  surface  in  order  to  extract  a  long  electron  bunch, 
typically  a  quarter  of  the  rf  wavelength,  carrying  a  modest 
current,  around  20  A.  There  is  no  need  for  phase  stability 
of  the  laser  in  this  case,  not  even  phase-locking:  the 
accelerating  rf  field  sets  up  the  time  structure  for  the 
beam.  The  scaling  up  to  W-band  of  the  lay-out  presented 
in  [6]  at  1.3  GHz  requires  a  1.5  GV/m  peak  field  at  the 
cathode  and  an  11  ps  laser  pulse  generating  170  pC  at  the 
cathode  surface,  of  which  only  40  will  be  extracted  from 
the  gun.  Since  the  cathode  spot  size  is  120  microns  and 
the  extracted  current  10  A,  the  cathode  current  density  is 
limited  to  20  kA/cm2. 
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Table  1 :  Nominal  S-band  operating  scaled  to  W-band  for 
both  a  pure  scaling  and  the  proposed  long  pulse  scaling. 

The  HOMDYN  and  ITACA  simulations  shown  in 
Section  4  show  that  the  linear  energy-phase  correlation  at 
the  front  part  of  the  bunch  (i.e.  the  first  30  RF  deg),  can 
be  transformed  into  a  phase  compression  using  a 
undulator,  achieving  a  current  in  excess  of  600  A  in  a 
sharp  peak  a  few  RF  degrees  long. 

3  DESIGN  AND  MECHANICAL 
FABRICATION 

This  rf  gun  is  basically  a  1.6  cell  BNL/SLAC/UCLA  S- 
Band  rf  gun  scaled  to  91.324  GHz.  Power  is 
symmetrically  feed  into  the  full  cell  which  also  has 
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symmetrical  tuners,  as  does  the  half  cell.  The  gun  is 
shown  in  Figure  1 . 

RF  Feed 


RF  Feed 

Figure  1:  A  schematic  of  the  1.6  cell  W-band  electron 
source. 

The  waveguide  to  full  cell  coupling  slot  is  the  full  height 
of  the  full  cell.  This  was  decided  upon  to  facilitate  the 
wire  EDM  manufacturing  process  The  waveguide  feed  in 
the  body  of  the  gun  is  not  standard  WR-10.  The 
waveguide  cutoff  dimension  is  still  2.54  mm  or  60  GHz. 
The  waveguide  height  is  slightly  smaller  at  1.016  mm 
versus  1.27  mm  for  standard  WR-10  waveguide.  This 
decision  was  determined  by  our  manufacturing  technique 
of  wire  EDM  and  our  assembly  process  of  high 
temperature  bonding  at  the  high  rf  current  joints.  The  gun 
is  manufactured  out  of  5  layers  of  Glidcop  AL-15  [3]  to 
prevent  distortion  of  the  cell  to  cell  and  rf  coupling  iris 
during  the  thermal  cycle  necessary  for  the  bonding.  The 
first  of  these  five  layers  consists  of  a  cathode  plate.  A  half 
cell  plate,  which  is  the  thickness  of  the  half  cell  which  is 
wired  EDM.  The  third  plate  is  the  cell  to  cell  iris.  The  full 
cell  plate  which  is  slightly  thinner  that  the  narrow 
dimension  of  WR-10  waveguide.  It  should  be  noted  that 
the  symetric  waveguide  feed  does  not  extend  to  the 
boundary  of  the  material.  Only  after  these  five  layers  are 
bonded  does  the  waveguide  extend  to  the  outer  body  of  the 
gun.  This  is  to  facilitate  the  alignment  and  assembly  of 
the  gun.  The  last  layer  is  the  exit  port  of  the  gun.  This 
layer  has  the  same  ID  as  that  of  the  cell  to  cell  iris.  The 
individually  layers  of  the  gun  are  produced  out  of  a  single 
piece  of  Glidcop  Al-15,  in  which  aligment  pin  hole  are 
first  bored  in  to  the  block.  A  section  of  this  block  is 
sliced  off  to  produce  the  cathode  plate  with  it  alignment 
pins.  A  wire  start  hole  is  popped  through  the  remaining 
block.  The  cell  to  cell  iris  is  wired  into  the  block  and  then 
a  section  of  the  block  is  cut  off.  This  section  will  be  used 
to  manufacture  the  cell  to  cell  iris  and  the  exit  port  of  the 
gun.  One  of  the  blocks  is  then  sliced  into  thin  section  a 
little  thicker  than  the  required  cell  to  cell  iris  thickness. 
These  will  be  diamond  fly  cut  flat  and  parallel  to  facilitate 
diffussion  bonding.  Next  the  other  half  of  the  original 
block  will  be  cut  in  half  and  the  full  cell  cavity  and 
waveguide  profile  will  be  wired  and  sliced  as  was  the  case 
of  the  half  cell.  These  in  turn  are  also  diamond  fly  cut. 
The  assembly  is  then  cleaned  and  diffussion  bonded.  At 


this  point  the  outer  body  of  the  gun  is  cut  to  expose  the 
WR-10  waveguide. 
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Figure  2:  Smith  chart  representation  of  GdifidL 
simulations  of  Sn. 

The  rf  simulation  code  GdifidL  was  utilized  to  produce  an 
S,,  =  1.00  with  equal  fields  at  the  cathode  and  in  the 
middle  of  the  full  cell  (see  Figure  2).  A  Smith  Chart 


Using  the  Shunt  impedance  calculated  from  Gdifidl  we 
find  that  the  required  power  from  a  W-band  rf  source  will 
be  in  excess  of  1  GW. 

4  SIMULATIONS 

In  this  section  we  present  a  possible  configuration  for  a 
W-band  injector  based  on  a  preliminary  study  of  beam 
dynamics  in  a  system  consisting  of  a  1.5  cell  W-band 
gun,  followed  by  a  solenoid  lens,  a  SW  8  cell  booster 
linac  and  a  short  undulator.  The  gun  is  2.5  mm  long,  the 
drift  up  to  the  booster  is  17.5  mm,  the  booster  is  13  mm, 
the  drift  up  to  the  undulator  is  12  mm  and  the  undulator  is 
160  mm  (8  periods  with  2  cm  period  length). 

In  order  to  achieve  a  nice  phase  focusing  in  the  gun  we 
have  to  use  a  low  value  for  alfa  (0.8),  resulting  in  1 .5 
GV/m  peak  field  at  the  cathode.  The  solenoid  lens,  located 
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6.3  mm  from  the  cathode  (at  z=0),  must  provide  a  2.5  T 
peak  field.  The  booster  linac  is  run  at  500  MV/m 
accelerating  gradient,  while  the  undulator  requires  a  peak 
field  of  0.5  T. 


Figure  4:  Correlated  head  of  bunch  at  booster  exit. 

A  bunch  charge  of  166  pC  is  produced  at  the  photo¬ 
cathode  surface  during  the  illumination  of  a  11.1  ps  laser 
pulse  (as  long  as  the  RF  period):  because  of  the  low  alfa, 
only  the  first  65  RF  degrees  are  successfully  extracted 
from  the  gun,  i.e.  the  first  2  ps  of  laser  pulse  lasting  from 
the  0  cathode-field  time  (0  RF  deg)  until  the  65  RF  deg 
time.  The  rest  of  the  electrons  are  either  back-accelerated 
onto  the  cathode  after  leaving  the  cathode  surface  (those 
between  65  and  180  RF  deg)  or  not  even  extracted  because 
of  the  wrong  sign  in  the  applied  field  (those  between  180 
and  360).  The  nominal  current  in  the  extracted  electron 
bunch  is  15  A  (30  pC  in  2  ps),  implying  a  cathode  current 
density  of  33  kA/cm2  at  a  cathode  spot  size  of  120 
microns  (as  was  used  in  the  simulations).  The  bunch  is 
then  focused  by  the  solenoid  lens,  which  is  needed  to 
overcome  the  RF  defocusing  kick,  and  injected  almost 
collimated  into  the  booster,  which  brings  up  its  energy  to 
7.8  MeV  (at  the  gun  exit  1.8  MeV).  As  a  result  of  the 
huge  phase  spread,  the  energy  spread  is  but  nicely  linearly 
correlated  in  the  head  part  of  the  bunch  (the  first  20  RF 
degrees  from  z=40.65  to  z=40.8,  the  bunch  has  just  exited 
the  booster).  The  effect  of  phase-focusing,  achieved  thanks 
to  the  operation  at  low  alfa,  brings  a  density  compression 
in  the  head  part  of  the  bunch,  as  shown  in  Figure  4, 
plotting  the  local  current  carried  by  the  bunch,  which  is 
much  larger  than  the  nominal  value  in  the  head  part  while 
much  lower  in  the  tail:  because  of  the  phase-focusing  one 
obtains  peak  currents  around  70  A,  a  factor  4  larger  than 
the  nominal  value. 

The  beam  is  further  injected  into  an  undulator  (no  other 
focusing  lenses  were  used  in  the  short  drift  to  the 
undulator)  that  acts  like  a  dispersive  medium  boosting  the 
phase  compression  mechanism  which  would  take  place 
anyway  even  in  a  simple  drift,  because  of  the  negative 
correlation  in  the  energy-phase  correlation  of  the  bunch 
(head  particles  less  energetic  than  tail  particles). 

In  summary,  using  a  long  laser  pulse  and  a  suitable 
gradient  alleviates  the  severe  restrictions  imposed  by  a 


pure  scaling  on  laser-rf  phase  jitter  and  cathode  current 
density. 
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Figure  5:  ITACA  output  of  Gun,  booster  and  undulator 
showing:  the  beam  emittance,  longitudinal  phase  space, 
and  peak  current. 
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Abstract 

A  collaborative  research  effort  between  the  Synchrotron 
Radiation  Research  Center  (SRRC)  and  the  UC  Davis 
(UCD)  is  being  put  to  improve  the  design  and 
performance  of  the  X-band  (8548  MHz)  rf  gun.  The 
fabrication  and  cold  test  will  be  performed  at  SRRC.  The 
high  power  test  will  be  conducted  at  UC  Davis.  The  cold 
test  results  are  presented. 

1  INTRODUCTION 

A  collaborative  research  effort  for  the  development  of 
the  X-band  photoinjector  system  has  been  formed 
between  UC  Davis  and  SRRC.  Both  the  design  and 
fabrication  procedures  have  included  separate 
verification  from  both  groups  [1],  The  first  X-band  rf 
gun  was  fabricated,  cold  tested  and  brazed  at  SRRC  and 
was  delivered  to  UC  Davis  at  the  Lawrence  Livermore 
National  Laboratory  (LLNL)  site  in  April,  1997.  The  gun 
was  installed  and  characterized  by  the  research  personnel 
from  both  groups  [2],  [3]. 

The  first  brazed  X-band  rf  gun  in  1997  had  a  few 
problems.  The  brazing  joints  between  the  various  cavity 
components  failed  between  the  water  cooling  channel 
and  the  inner  surface  of  the  RF  cavity.  All  cavity  leaks 
were  sealed  with  vacuum  epoxy.  External  cooling  was 
applied  in  the  form  of  heat  sink  and  copper  tubing 
wound  around  the  body  of  the  accelerator  cavity. 
Furthermore,  the  peak  field  ratio  between  the  half  cell 
and  the  full  cell  is  out  of  balance.  Fortunately,  critical 
coupling  of  the  Klystron  signal  corresponded  to  half-cell 
coupling.  Critical  coupling  allowed  the  accelerator  to  be 
safely  used  as  a  resonant  load  from  the  Klystron  despite 
this  non-optimized  condition.  In  addition,  since  the  half¬ 
cell  was  energized,  high-energy  photoelectron 
production  is  still  possible. 

Therefore  our  goal  for  the  second  X-band  rf  gun  is 
aiming  for  correcting  above  deficiencies. 
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2  DESIGN  AND  FABRICATION 

Figure  1  shows  the  assembly  drawing  of  the  second  X- 
band  rf  gun.  Most  of  the  design  is  the  same  as  the  first 
gun,  except  the  cathode  assembly. 


Figure  1 :  Assembly  drawing  of  the  gun  system. 

The  cathode  in  the  first  gun  is  a  choke  type  plunger 
with  a  large  diameter  of  20  mm  to  reduce  the  arcing 
problem  from  the  gap  between  the  cathode  plug  and 
cavity  wall  [1].  But  it  was  found  from  the  operation 
experience  of  the  first  gun  that  the  resonant  frequency 
becomes  very  sensitive  to  the  cathode  position. 
Therefore  we  prefer  to  braze  a  copper  plate  of  27.79mm 
diameter  to  cover  the  end  of  the  half  cell  (27.63mm 
diameter)  and  just  use  this  plate  as  a  fixed-position 
cathode.  Figure  2  shows  the  drawing  of  the  cathode 
assembly. 


Figure  2:  Drawing  of  the  cathode  assembly. 
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From  our  previous  brazing  experiences,  the  resonant 
frequency  may  Shift  a  lot  and  can  not  be  corrected  back 
by  only  Using  the  tunef.  Therefore  we  also  brazed  a 
frequency-tuning  rod  to  the  back  of  the  cathode  plate. 
The  cathode  plate  can  be  deformed  a  little  bit  by  the 
movement  of  tuning  rod  using  a  2-arm  gear  puller.  We 
certainly  don’t  like  to  deform  the  cathode  plate  if  not 
really  necessary.  This  option  will  just  save  us  from 
discarding  the  whole-brazed  cavity  set  without  any  new 
experimental  effort  from  high  power  test. 

The  cavity  inner  diameter  was  first  enlarged  to  a  little 
bit  higher  resonant  frequency  than  the  target  frequency 
of  8548  MHz.  Then  the  rf  coupling  irises  are  gradually 
enlarged  to  get  close  to  the  critical  coupling.  The  final 
dimension  erf  the  cavity  inner  diameter  is  27.63mm.  The 
sizes  of  the  two  elliptical  rf  coupling  irises  on  the  half 
cell  and  the  full  cell  are  3.0mm  X  8.4mm  and  4.5mm  X 
8.4mm  respectively. 

There  is  a  frequency  tuner  and  a  field  monitor  on  each 
cell.  The  tuner  is  a  copper  rod  with  2.37mm  diameter. 
The  maximum  tuning  range  of  the  tuner  is  around  +30 
MHz.  The  field  monitor  is  a  loop  type  monitor.  It  is 
made  of  a  loop  (50/50  Au/Cu  alloy)  attached  to  a 
commercial  SMA  coaxial  feedthrough  (ISI P/N  9252003). 
A  Desktop  Laser  Welder  EDW-25  (made  by  Equilasers 
Inc.)  was  used  to  weld  the  loop  onto  the  SMA  coax.  The 
monitor  is  mounted  on  the  cavity  wall  with  a  hole,  which 
was  gradually  enlarged  to  2mm  diameter  for  an 
appropriate  transmission  (S21)  signal  (around  -60dB 
during  cold  test). 


Two  labs  jacks  were  used  to  support  and  adjust  the 
height  of  the  gun  body.  One  translator  stage  was  used  for 
the  horizontal  alignment  and  the  other  translator  stage 
was  used  to  move  the  gun  body  so  that  we  were  able  to 
position  the  bead  at  any  position  along  the  longitudinal 
axis  of  the  cavity.  The  movement  resolution  of  the 
translator  stage  is  0.01mm,  while  we  only  move  the  gun 
body  along  the  longitudinal  axis  in  steps  of  0.5mm. 

Since  the  minimum  mode  separation  between  the  n  - 
mode  and  O-mode  is  around  6  MHz  according  to  the 
URMEL-T  prediction,  the  frequency  perturbation  from 
the  bead  should  not  be  too  large  to  break  the  coupling  of 
both  modes.  A  0.83mm  length,  0.53mm  diameter  metal 
cylinder,  made  from  a  section  of  a  hypodermic  needle 
was  used  as  the  perturbing  bead,  which  gives  around  1.5 
MHz  perturbation.  An  example  bead  pull  measurement 
is  shown  in  Figure  4  for  a  balanced  field  case. 
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Figure  4:  Longitudinal  E-field  distribution  on  axis. 


3  COLD  TEST  RESULTS 

The  experimental  arrangement  for  the  bead  pull 
measurement  is  shown  in  Fig.  3. 


Figure  3:  Bead  pull  measurement  setup. 


The  measured  data  also  shows  a  good  agreement  with 
the  URMEL-T  calculation.  We  noticed  the  E-field  goes 
to  null  at  the  beam  iris  position,  which  agrees  with  the 
distinct  feature  of  the  n  -mode.  The  phase  from  field 
monitor  (S21  transmission  signal)  is  also  measured  to  look 
for  1 80  degrees  phase  difference,  corresponding  to  the  n 
-mode.  Figure  5  shows  the  reflected  signal  when  the 
peak  field  ratio  is  1.03. 


$tmt  mm 

«.SfM a*  IJ&lJSSbtiSfu 


Figure  5:  Reflection  coefficient  for  the  field  ratio  of  1.03. 
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4  SUMMARY 

An  OFE  copper  cavity  has  been  fabricated  at  SRRC  for 
the  second  X-band  rf  gun.  The  dimensions  of  the  cavity 
were  optimized.  The  cold  test  results  showed  a 
promising  balanced  field  case.  All  the  cavity  components 
had  been  fine  polished  and  are  going  to  be  brazed  very 
soon.  We  expect  to  begin  the  installation  and  high  power 
test  at  UC  Davis  in  late  April,  1999. 
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Abstract 

A  Plane-Wave-Transformer  (PWT),  integrated  photo¬ 
injector  operating  at  an  X-band  frequency  (8.547GHz)  is 
being  developed  by  DULY  Research  Inc.  in  a  DOE  SBIR 
project,  in  collaboration  with  UCLA  and  UCD/ILSA. 
Upward  frequency  scaling  from  an  S-band  PWT  photo¬ 
injector  would  result  in  a  compact  photoinjector  with 
unprecedented  brightness.  Challenging  technological 
innovations  are  required  at  X-band.  In  particular,  water 
cooling  capacity,  mechanical  support  strength,  and 
materials  properties  do  not  scale  linearly  with  frequency. 
Instead  of  using  large  solenoids,  we  have  successfully 
designed  the  required  focusing  for  an  X-band  PWT  using 
a  compact,  permanent  magnet  system.  Also  described  in 
this  paper  is  a  system  design  of  the  X-band  photoinjector, 
including  the  RF  system  and  the  cooling/support  of  the 
PWT  structure. 

1  INTRODUCTION 

This  paper  reports  an  ongoing  research  project  in  which 
DULY  Research  Inc.  develops  a  compact,  high¬ 
brightness,  8.547-GHz,  20-MeV  photoinjector  using  a 
plane-wave-transformer  (PWT)  design  for  the  standing- 
wave  accelerating  structure  (Figure  1).  The  motivation  for 
a  high-frequency  photoinjector  lies  in  the  great 
enhancement  of  beam  brightness  in  a  much  smaller 
footprint,  important  for  many  commercial  applications. 
Our  design  directly  integrates  the  photocathode  into  a 
PWT  linac.  The  integrated  X-band  PWT  photoinjector  has 
a  designed  beam  brightness  of  1015  A/m2,  an  order  of 
magnitude  higher  than  an  earlier  S-band  version,  being 
constructed  and  now  near  completion  in  a  DULY/UCLA 
collaboration  [1,2], 

2  BEAM  BRIGHTNESS  SCALING 

The  beam  brightness,  by  natural  frequency  scaling,  is 
defined  as: 

B  =  2I /e2  °c  Q/<Jz£2  «  X~2  , 

where  I  is  the  beam  current,  or  charge  (Q)  per  bunch  per 
unit  time,  e.  is  the  emittance,  az  is  the  rms  bunch  length, 
and  X  is  the  RF  wavelength.  It  is  apparent  from  this 
expression  that  there  is  much  to  be  gained  by  operating 
RF  photoinjectors  at  high  frequency.  One  can  also  show 
that  including  emittance  dilution  due  to  space  charge,  RF 
chromatic  contribution  and  other  field  asymmetry  effects, 
and  keeping  the  charge  density  constant,  the  beam 


brightness  for  an  X-band  photoinjector  is  better  than  that 
achieved  at  S-band  by  roughly  an  order  of  magnitude. 


Photocathode  Vacuum  Pott 


Figure  1 :  X-band  PWT  photoinjector  schematic. 

3  PERMANENT  MAGNET  FOCUSING 
SYSTEM 

A  prescribed  magnetic  field  profile,  following  .  the 
principle  of  emittance  compensation  [3],  is  a  key 
ingredient  of  success  for  the  focusing  and  propagation  of  a 
small  electron  beam  through  the  X-band  PWT  linac.  The 
longitudinal  magnetic  field  on  axis  must  vanish  at  the 
photocathode,  rise  sharply  to  3-4  kG  in  the  first  full  cell  or 
thereabouts,  and  then  taper  down  to  zero  in  a  few  more 
cells.  The  radial  and  azimuthal  components  of  the  magnet 
fields  should  be  small.  Such  a  magnetic  field 
configuration  assures  not  only  that  the  beam  emittance  is 
preserved  for  the  entire  length  of  the  accelerator,  but  also 
that  the  beam  can  be  focused  beyond  to  a  spot  sufficiently 
far  away,  where  the  first  set  of  quadrupole  magnets  are 
located.  Using  solenoids  to  obtain  the  necessary  magnetic 
field  profile  for  the  X-band  PWT  would  require  large 


Figure  2:  Field  lines  of  permanent  magnet. 

coils,  leaving  little  room  for  other  essential,  auxiliary 
structures  of  the  linac  such  as  the  RF  and  vacuum  ports. 

DULY  Research  has  proposed,  and  designed  a  hybrid, 
permanent  magnet  focusing  system  using  the  POISSON 
and  PANDIRA  codes.  Figures  2  and  3  show  the  field 
profile  due  to  the  focusing  magnets.  The  main  and 
bucking  magnets  in  this  system  are  identical,  but  with 
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Figure  3:  Field  strength  of  permanent  magnet. 

opposite  polarizations.  An  80-turns,  one-eighth-inch 
square  trim  coil  is  included  for  final  adjustment  of  the  null 
position  of  the  longitudinal  magnetic  field  at  the  cathode. 
A  small  current  of  50A  (or  4000  Ampere-turns)  in  the  trim 
coil  can  move  the  axial  position  of  the  magnetic  null  by 
1.4  mm.  The  footprint  of  this  system  is  quite  small  (about 
6”  diameter),  and  fits  well  over  the  PWT  linac,  as  shown 
in  Figure  1. 


installed  between  the  klystron  and  the  aforementioned 
power  splitter  (Figure  4b)  to  increase  the  linac  energy 
gain.  SLED  stores  some  of  the  pulse  energy,  which  would 
otherwise  be  wasted,  and  delivers  it  to  the  structure. 
Calculations  show  that  an  additional  30%  energy  gain  for 
the  electrons  in  the  standing-wave  PWT  linac  may  be 
achieved  with  SLED. 


Section  1  Tube  Section  2  PWT  3774  Drift  PWT 

Section  1  Tube  Section  2 


Figure  4:  a)  Schematic  for  RF  feed  to  X-band  PWT. 
b)  Same  system  with  SLED  pulse  compression. 

5  PWT  ACCELERATING  STRUCTURE 


4  RF  SYSTEMS 

The  main  RF  power  supply  for  the  X-band 
photoinjector  linac  will  be  a  8.547  GHz,  SL3  klystron  at 
ILSA/UCD  which  produces  square  RF  pulses  at  power 
levels  in  excess  of  15  MW  at  30  Hz  repetition  rate,  with  a 
pulse  duration  of  2  ps,  and  an  amplitude  ripple  <2%.  The 
phase  stability  of  the  klystron  is  currently  measured  at 
±10°  over  the  pulse  duration,  and  will  be  brought  down  to 
±1°  by  using  a  phase  stabilisation  feedback  loop.  The  2- 
kW  TWTA  input  drive  to  the  klystron  will  be 
synchronised  to  the  laser  oscillator,  using  a  phase-locked 
dielectric  resonance  oscillator  to  upconvert  the  laser 
oscillator  output  frequency  to  the  desired  X-band  drive 
frequency. 

We  have  designed  a  RF  system  using  the  SL3  klystron 
power  supply  to  provide  sufficient  energy  to  accelerate  an 
electron  beam  in  the  X-band  PWT  photoinjector  to 
20MeV.  Since  the  PWT  is  a  standing-wave  structure, 
some  RF  power  may  be  reflected  during  startup  and 
conditioning.  To  prevent  the  reflected  power  from 
damaging  the  klystron,  we  use  a  3  dB  power  splitter  to 
divide  the  main  RF  into  two  feeds  with  90°  phase 
difference  (Figure  4a).  The  PWT  linac  structure  is  also 
split,  and  the  two  linac  sections  are  fed  by  the  two  feeds 
from  the  power  splitter.  Thus,  no  reflected  power  will  get 
back  to  the  klystron  (assuming  the  two  linac  sections  have 
the  same  coupling  coefficient  and  are  both  tuned  to 
resonance);  and  no  high-power  isolator  is  needed. 

Because  the  SL3  klystron  RF  pulse  is  long  (2  ps) 
compared  with  the  filling  time  of  the  PWT  linac  (292  ns), 
a  SLED  pulse  compression  system  [4]  may  be  optionally 


To  compensate  for  the  phase  difference  between  the 
feeds,  the  two  linac  sections  are  connected  by  a  short  drift 
tube  having  a  length  equal  to  3 A/4.  In  this  case,  the  RF 
phase  of  the  second  section  is  ahead  of  that  of  the  first 
section  by  90°.  The  photocathode  is  inserted  through  a 
demountable  flange  and  integrated  into  the  center  of  the 
end  plate  of  the  first  PWT  linac  section.  The  linac  consists 
of  a  series  of  suspended  disks  which  are  supported  and 
cooled  by  water-carrying  tubes.  Two  inlets,  through  the 
center  divider  of  the  two  linac  sections,  feed  water  into 
eight  tubes  in  parallel,  four  in  each  section;  and  the  water 
outlets  are  located  outside  the  end  plates  at  the  far  ends  of 
the  linac  sections.  No  internal  cooling  channels  inside  the 
disks  are  needed. 

The  RF  properties  for  the  X-band  PWT  linac  are 
calculated  using  the  3D  electromagnetic  code  GdfidL,  and 
are  shown  in  Table  1  for  the  accelerating  mode,  for  the 
cases  with  1)  no  cooling  rod,  2)  four  cooling  rods  with  a 
diameter  of  0.83",  scaled  from  the  S-band  version,  and  3) 
four  rods  with  a  larger  diameter  of  0.125".  The  RF 
degradation  for  the  case  with  larger  rods  is  not 
overwhelming  compared  with  the  smaller  rods.  The  case 
with  no  rods  has  the  best  RF  properties.  This  can  be 
implemented  with  disks  supported  by  synthetic  diamond 
washers  as  proposed  by  DULY  Research  [5]. 

The  X-band  PWT  linac  has  a  good  frequency  separation 
between  the  accelerating  mode  and  the  nearest  0-mode, 
i.e.  1043  MHz  and  612  MHz,  respectively,  for  the 
configurations  with  four  thin  and  thick  rods.  The  dipole 
and  quadrupole  modes  are  insignificant  for  these  cases. 

Based  on  the  available  klystron  power  and  the  RF 
properties  of  the  linac,  the  structural  parameters,  expected 
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accelerating  gradients,  and  energy  gains  are  shown  in 
Table  3,  for  several  RF/linac  configurations  (Table  2). 
The  variations  are  the  length  of  the  linac,  and  whether  or 
not  a  SLED  pulse  compression  is  used.  We  have  used  the 
values  of  Q,  r/Q  and  r  of  the  4-thin-rod  PWT  linac 
(Table  1)  to  calculate  the  linac  parameters  shown  in 
Table  3.  Using  larger  rods  (0.125"  diameter),  the  shunt 
impedances  are  lower  by  6-7%,  and  the  corresponding 
energy  gains  and  gradients  by  only  3-4%.  Including 
waveguide  losses  (about  1.5%/m  at  8.5  GHz)  the  actual 
energy  gains  and  gradients  may  be  about  10%  less  than 
the  values  shown  on  Table  3. 


Table  1:  RF  Properties  of  ti-Mode  for  the  PWT  Linac 


EiJSISMM 

Q 

r  (Mfl/m) 

No  Rod 

6,488 

21,657 

140.5 

4  Thin  Rods 

7,578 

15,717 

119.1 

4  Thick  Rods 

8,510 

13,052 

111.1 

Table  2:  X-Band  Linac  Configurations 


Case 

RF  Pulse 
Compression 

No.  of 
Sections 

No.  of  cells  in  each 
section 

1 

None 

2 

5  full  +  2  half 

2 

None 

2 

7  full  +  2  half 

3 

SLED 

2 

5  full  +  2  half 

4 

SLED 

2 

7  full  +  2  half 

Table  3:  X-Band  PWT  Linac  Parameters 


Casel 

Case  2 

Case  3 
(SLED) 

Section  length  (cm) 

10.53 

14.04 

10.53 

14.04 

Cells  per  section 

5+2/2 

7+2/2 

5+2/2 

7+2/2 

293 

293 

167 

167 

Shunt  impedance  (Mi2) 

16.72 

12.54 

16.72 

Energy  gain/seciion  (MeV) 

9.70 

11.20 

12.61 

14.56 

Final  energy  (MeV) 

19.40 

22.40 

25.22 

Linac  length  (cm) 

21.06 

28.08 

21.06 

Gradient  (MV/m) 

92.10 

79.76 

119.7 

linac.  Effects  of  the  RF  octupole  due  to  the  rods  on  the 
accelerating  mode  have  been  estimated  in  a  companion 
PAC99  paper  [6]  and  are  small  for  charge  less  than  2  nC. 


z(cm)  z  (cm) 

Figure  5:  Results  of  PARMELA  simulations,  a)  and  b) 
are  emittance  and  rms  radius  for  Case  1.  c)  and  d)  are 
emittance  and  rms  radius  for  Case  2. 


Table  4;  Summary  of  PARMELA  Calculations 


Case  1 

Case  2 

Active  linac  length  (cm) 

21 

28 

Number  of  cells 

2  x  (5+2/2) 

wmhmxm 

Peak  magnetic  field  (Gauss) 

3315 

2965 

Charge  per  bunch  (nC) 

QSB9HHB 

1.0 

Bunch  Length  (mm) 

0.36 

0.33 

■BHBI 

0.70 

0.84 

Emittance  (mm-mrad) 

0.95 

1.00 

0.2 

0.2 

Final  Energy  (MeV) 

20 

23 

Peak  gradient  (MV/m) 

156 

180 

Beam  brightness  (A/cm2) 

0.8xl015 

EE9EUHB 

7  CONCLUSIONS 


6  BEAM  DYNAMICS  SIMULATIONS 

We  have  performed  simulations  of  the  split  injector 
configuration  for  Case  1  (2  sections,  each  having  5  full  + 
2  half  cells),  and  Case  2  (2  sections,  each  having  7  full  + 
2  half  cells).  The  PARMELA  simulations  use  as  input 
files  the  full  magnetic  field  profile  (longitudinal  and 
transverse),  obtained  with  POISSON  and  PANDIRA,  and 
the  electrical  field  profile,  with  SUPERFISH.  The  beam 
charge,  spot  size  and  bunch  length,  as  well  as  the 
computed  emittances  and  rms  radius  for  the  two  cases  are 
summarized  in  Table  4  and  Figures  5a-d.  Both  cases  yield 
a  high  beam  brightness  (0.8  x  101!  A/m2),  and  the  longer 
structure  (Case  2)  results  in  a  higher  energy  gain,  as 
expected.  The  peak  gradients  shown  in  Table  4  are 
consistent  with  the  available  RF  power.  The  average 
gradients  are  95  MV/m  and  82  MV/m,  for  cases  1  and  2. 
The  normalized  beam  emittance  (1  mm-mrad)  and  energy 
spread  (0.2%)  are  low,  proving  the  validity  of  the 
principle  of  emittance  compensation  in  the  X-band  PWT 


We  have  demonstrated  the  feasibility  of  a  high¬ 
brightness,  X-band  photoinjector  by  design  and  simu¬ 
lations.  In  the  next  phase  of  project,  we  will  fabricate  and 
test  the  X-band  photoinjector  upon  DOE  approval. 


‘Work  supported  by  DOE  SBIR  DE-FG03-98ER82566. 
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Abstract 

The  status  of  the  commissioning  of  the  rf  photoinjector  in 
the  Neptune  advanced  accelerator  laboratory  is  discussed. 
The  component  parts  of  the  photoinjector,  the  rf  gun, 
photocathode  drive  laser  system,  booster  linac,  rf  system, 
chicane  compressor,  beam  diagnostics  systems,  and 
control  system  are  described.  This  injector  is  designed  to 
produce  short  pulse  length,  high  brightness  electron 
beams.  Experiments  planned  for  the  immediate  future  are 
described.  Initial  measurements  of  various  beam 
parameters  are  presented. 

1  THE  NEPTUNE  LABORATORY 

The  primary  goal  of  the  Neptune  laboratory  is  the 
acceleration  of  a  high  brightness,  relativistic  electron 
beam  in  a  plasma  heatwave  accelerator  (PBWA),  while 
maintaining  the  initial  phase  space  density.  [1]  To  this 
end,  the  main  components  of  the  lab  are  the  high  power, 
short  pulse,  two-frequency  Mars  C02  laser  [2],  and  the  rf 
photoinjector. 

2  THE  PHOTOINJECTOR 

The  Neptune  photoinjector  consists  of  many  components. 
The  most  important  of  which  are  described  below. 

2.1  Accelerator  Sections 

The  accelerator  is  a  split  system  consisting  of  a 
photocathode  gun,  a  drift  space,  and  a  booster  linac.  The 
gun  is  a  1.625  cell  tt-mode  standing  wave  cavity  produced 
by  a  BNL-SLAC-UCLA  collaboration.  [3]  The  gun  has 
been  conditioned  up  to  an  input  power  of  6.5  MW  which 
corresponds  to  the  planned  on-axis  peak  field  of  100 
MV/m.  The  booster  linac  is  a  7  and  2/2  cell  rc-mode 
standing  wave  structure.  The  linac  design  is  that  of  a 
plane-wave  transformer  (PWT)  which  benefits  from  strong 
cell-to-cell  coupling  and  large  mode  separation.  [4]  The 
linac  has  been  conditioned  up  to  the  nominal  operating 
power  of  13  MW. 
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2.2  RF  System 

Low  level  rf  is  produced  by  a  38.08  MHz  signal  which  is 
frequency  multiplied  75  times  up  to  S-band.  After 
passing  through  a  phase  shifter,  the  signal  is  raised  to 
over  400  W  by  a  pulsed  solid  state  amplifier.  This  signal 
is  then  used  as  the  rf  input  to  a  SLAC  XK-5  klystron. 
The  klystron  is  pulsed  by  a  modulator  with  a  pulse  length 
currently  set  to  4  psec.  The  modulator  was  designed  to 
produce  a  flat-top  pulse,  when  fired  by  an  SCR-triggered 
thyratron  timed  to  the  klystron  rf  input,  impedance 
matched  to  the  klystron  at  high  voltage.  [5]  The  klystron 
has  output  22  MW  pulses  to  the  wave  guide  system  on  a 
consistent  basis. 

The  rf  power  distribution  system  consists  of  vacuum 
wave  guide  separating  power  manipulating  elements.  The 
first  of  these  is  a  circulator  which  protects  the  klystron 
from  reflected  power  due  to  the  impedance  mismatch  at  the 
standing  wave  structures  at  the  beginning  and  end  of  an  rf 
pulse.  The  power  is  then  split  by  a  4.77  dB  divider 
sending  two  thirds  into  the  PWT.  After  the  split  there  are 
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high  power  attenuators  to  control  the  power  delivered  to 
each  accelerator.  In  addition  the  linac  wave  guide  has  a 
phase  shifter  to  control  the  relative  phase  of  the  two 
structures. 

2.3  Photocathode  Drive  Laser 

The  drive  laser  system  begins  with  a  1064  nm  mode- 
locked  Nd:YAG  laser  which  is  matched  into  a  500  m  long 
fiber  to  lengthen  the  pulse  and  yield  a  frequency  chirp. 
The  chirped  pulse  is  then  sent  to  a  regenerative  amplifier 
that  increases  the  signal  by  a  factor  of  one  million.  The 
chirp  correlation  is  then  removed  and  the  pulse  compressed 
by  a  grating  pair.  Adjustments  to  the  grating  pair  allow 
control  over  the  pulse  length  which  is  currently  set  at  3 
psec  (FWHM).  At  this  point  the  pulse  is  frequency 
doubled  by  a  BBO  doubling  crystal.  The  green  laser  light 
is  then  transported  approximately  40  meters  to  the  next 
BBO  ciystal  which  frequency  doubles  again  to  produce  266 
nm  light.  The  pulse  energy  in  UV  has  been  measured 
reproducibly  at  130  pJ. 

Due  to  the  long  transport  length,  a  vacuum  transport 
system  has  been  constructed  to  hold  beam  optics  and  to 
combat  fluctuations  in  transverse  position.  To  handle 
long  time  scale  (>  10  sec)  beam  drift,  a  feedback  system 
consisting  of  motorized  mirror  mounts  and  segmented 
photodiodes  functions  in  the  transport  system.  This 
system  is  computer  automated  by  iteratively  reading  the 
position  of  a  beacon  laser  with  the  photodiodes  (beam 
position  monitor)  and  adjusting  the  motorized  mirror 
accordingly. 

2.4  Chicane  Compressor 

The  compressor  installed  at  Neptune  was  designed  in  part 
by  scaling  an  L-band  compressor  designed  for  the  TESLA 
Test  Facility  (TTF)[6].  As  shown  in  figure  2,  it  consists 
of  four  dipole  magnets  which  can  be  configured  either  as  a 
compressor  or  a  spectrometer.  In  compressor  mode  a 
negative  correlation  in  longitudinal  phase  space  caused  by 
running  off-crest  in  the  PWT  is  removed  by  the  difference 
in  path  length  of  particles  of  different  momentum.  The 
problem  of  excessive  vertical  focusing  in  the  chicane  has 
been  addressed  by  adjusting  the  initial  and  final  edge 
angles  to  approximately  equalize  horizontal  and  vertical 
focusing  in  the  device.  By  switching  off  the  first  two 
dipoles,  the  second  two  are  used  as  a  spectrometer.  The 
chicane  in  spectrometer  mode  has  been  used  for 
preliminary  beam  energy  measurements. 

2.5  Beam  Diagnostics 

The  main  diagnostic  used  at  Neptune  for  beam  transport, 
spot  size,  and  profile  measurements  is  the  phosphor 
screen.  For  this  device  phosphor  is  deposited  on  the 
downstream  side  of  an  aluminum  foil  mounted  normal  to 
the  incident  beam.  A  45°  mirror  then  directs  light 
produced  by  the  phosphor  out  to  a  CCD  camera.  From 


there  the  video  data  is  digitized  by  a  computer  and  analysis 
is  preformed  on  the  image.  In  addition  to  phosphor,  beam 
spot  screens  using  YAG  crystals,  which  offer  higher 
resolution  and  better  vacuum  properties,  are  active  at 
Neptune. 

To  measure  charge  non-destructively  we  employ  an 
integrating  current  transformer  (ICT).  This  device 
produces  data  on  a  shot-to-shot  basis  and  has  been  used  at 
UCLA  to  measure  charges  from  10  pC  to  5  nC  [5],  For 
destructive  bunch  charge  measurements  Faraday  cups 
mounted  as  beam  dumps  are  used.  The  Faraday  cups  have 
been  used  for  initial  charge  measurements  at  Neptune. 

Transverse  emittance  measurements  will  be  made  using 
a  slit  based  system  [7].  In  this  system  collimating  slits 
are  used  to  separate  the  beam  into  many  beamlets  whose 
intensity  after  propagation  in  a  drift  can  be  used  to 
determine  the  phase  space  distribution  of  the  initial  beam. 

To  measure  the  longitudinal  profiles  produced  at 
Neptune  (<  1  psec  after  compression),  a  technique  using 
coherent  transition  radiation  (CTR)[8]  will  be  employed. 

2.6  Control  System 

The  photoinjector  control  system  begins  with  an  Apple 
Macintosh  computer.  The  computer  has  a  video  digitizing 
card  which  allows  real  time  analysis  such  as  dark  current 
subtraction,  spot  size  calculation,  and  emittance  slit  image 
analysis.  Also,  the  computer  is  equipped  with  a  GPIB 
interface  which  is  used  to  import  oscilloscope  traces,  and 
communicate  with  a  GPIB  controlled  CAMAC  crate.  The 
CAMAC  crate  contains  modules  responsible  for  phosphor 
screen  insertion,  steering  and  quadrupole  magnet  control 
and  read-back,  chicane  control,  and  rf  attenuators  and  phase 
shifters. 

3  PLANNED  EXPERIMENTS 

Before  the  PBWA  experiment  is  ready  to  proceed,  there  is 
an  opportunity  to  do  experiments  in  the  area  of  high 
brightness  beam  physics.  Investigations  in  this  domain 
will  include  parametric  studies  of  the  emittance 
compensation  process,  comparison  of  emittance 
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measurement  techniques,  and  studies  on  the 
compressibility  of  pulses  in  the  chicane  as  well  as 
emittance  growth  in  the  chicane  due  to  space  charge 
effects. 


3.1  Emittance  Compensation  Studies 


Recent  theoretical  work  has  given  a  prescription  for 
producing  a  minimum  in  transverse  emittance  in  RF 
photoinjectors  [9].  By  varying  the  key  parameters  in  this 
process,  i.e.  beam  aspect  ratio,  solenoid  field  strength,  and 
bunch  charge,  we  plan  to  experimentally  check  this 
theory. 

3.2  Emittance  Measurement  Techniques 


The  space  charge  dominated  behavior  of  high  brightness 
beams  produced  at  Neptune  can  be  seen  through 
examination  of  the  RMS  envelope  equation  for  a  beam  in 
adrift. 
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Here  the  ratio  of  the  space  charge  to  emittance  terms 
determines  the  character  of  the  electron  beam. 
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For  typical  Neptune  parameters  R  »  1  indicating  a  space 
charge  dominated  beam.  Thus,  any  emittance 
measurement  scheme  based  on  beam  propagation  in  a  drift 
must  take  this  ratio  into  account. 

In  the  slit  based  measurement  we  see  that  the  function 
of  the  slits  is  to  produce  beamlets  for  which  this  ratio  is 
drastically  reduced.  For  a  uniform  beamlet  formed  by  a 
slit  of  width  d,  this  ratio  becomes 
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For  the  slits  installed  at  Neptune  d  =  50  |im  and  Rbeamlel 
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This  emittance  measurement  system  will  be  compared 
with  the  quadrupole  scanning  technique.  In  the  quad  scan 
procedure,  the  beam  spot  size  is  measured  as  a  function  of 
quadrupole  field  gradient.  A  purely  emittance  dominated 
beam  under  these  conditions  will  behave  such  that  the 
mean  square  beam  size  varies  quadratically  with  the 
inverse  focal  length  of  the  quadrupole  lens.  The  transverse 
emittance  is  then  calculated  from  the  fit  parameters  of  this 
curve. 

We  see  from  simulation  how  a  space  charge  dominated 
beam  can  mimic  the  behavior  of  an  emittance  dominated 
bean  in  the  quad  scan  procedure.  Figure  3  shows  this 
effect.  At  Neptune  we  plan  to  study  this  phenomenon  and 
compare  the  results  with  an  analytical  model  currently 
being  developed. 


1/f  [1/mm] 

Figure  3:  PARMELA  simulation  of  a  quad  scan 
performed  on  a  space  charge  dominated  beam.  The 
apparent  emittance  calculated  from  the  quad  scan  is  4  mm 
mrad.  The  RMS  emittance  of  the  beam  is  actually  1.6 
mm  mrad. 

3.3  Compressor  Studies 

In  addition  to  basic  studies  on  the  compressibility  of 
electron  pulses,  we  plan  to  investigate  the  phenomenon  of 
emittance  growth  in  bends.  Experiments  in  this  area  will 
be  complimented  by  simulations  using  a  three- 
dimensional  code  based  on  Lienard-Wiechart  potentials 
[10]. 


4  INITIAL  COMMISSIONING 

The  Neptune  photoinjector  was  commissioned  and 
photoelectrons  were  observed  in  early  March  1999.  The 
beam  was  accelerated  by  both  structures  and  the  chicane 
was  used  to  measure  an  initial  energy  of  12  MeV. 
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Abstract 

An  S-band  rf  gun  system  is  being  developed  at  SRRC 
(Synchrotron  Radiation  Research  Center),  Taiwan.  An 
XK-5  klystron  (2856  MHz)  and  a  TH2100A  klystron 
(2998  MHz)  will  be  used  as  the  microwave  sources.  The 
modulator  systems  for  both  klystrons  are  being  constructed 
at  SRRC.  The  status  of  the  rf  gun  and  modulator  systems 
are  reported. 

1  INTRODUCTION 

Through  the  international  collaboration  on  the  X-band  rf 
gun  research  project  between  SRRC  and  UC  Davis  [1-2], 
SRRC  had  acquired  a  lot  of  high  power  S-band  rf 
components,  including  the  XK-5  klystron  (2856  MHz), 
TWT  driver,  and  PFN  components.  Far  the  short-term 
goal,  we  are  going  to  assemble  these  components  for 
delivering  approximately  16  MW  rf  power  by  the  end  of 
year  1999.  For  the  long-term  goal,  we  are  constructing  a 
high  power  modulator  similar  to  that  for  the  SRRC 
booster  linac  system  (2998  MHz),  which  is  able  to  deliver 
35  MW  rf  power.  The  completion  date  is  set  to  be 
sometime  in  the  year  2000.  On  successful  commissioning 
of  this  home  made  modulator,  it  means  our  maintenance 
ability  for  the  booster  linac  will  be  highly  improved  and 
the  high  power  technology  at  SRRC  be  elevated  to  a  new 
level.  This  in  turn  will  definitely  reduce  the  possibility  for 
down  time  of  our  booster  linac.  On  the  other  hand,  it 
could  also  serve  as  the  high  power  rf  source  for  the  rf  gun 
research  project  when  the  booster  is  in  normal  operation. 
The  main  application  of  the  rf  gun  at  SRRC  aims  for  the 
IRFEL.  (Infra  Red  Free  Electron  Laser)  in  the  near  future. 
For  a  quick  start,  we  are  going  to  build  a  single  cell  S- 
band  (2856  MHz)  thermionic  rf  gun  first.  We  expect  to 
commission  this  gun  with  the  XK-5  klystron  modulator 
system  very  soon. 

2  COLD  TEST  OF  THE  RF  GUN 

We  have  designed  a  single  cell  S-band  (2856  MHz)  rf  gun 
using  the  code  URMEL  [3],  The  cavity  is  a  simple  pill 
box  type  with  80.36mm  diameter  and  32.50mm  cell 
length.  A  flat  copper  cathode  with  15.50mm  diameter  was 
used  for  test  purpose.  A  prototype  copper  cavity  had  been 
fabricated  and  brazed.  Figure  1  shows  the  assembly 
drawing  of  the  prototype  gun.  Three  stages  of  vacuum 
brazing  corresponding  to  three  different  melting 
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temperatures  of  brazing  alloys  (from  WESGO  company) 
were  used  to  allow  the  fabrication  of  various  components. 


Figure  1 :  Assembly  drawing  of  the  gun  cavity. 

The  first  stage  used  35/65  Au/Cu  (35%  Gold  and  65% 
Copper)  as  the  brazing  alloy  (melting  temperature:  1010 
°C)  to  braze  the  following  three  items:  (1)  WR  284  OFHC 
waveguide  and  SUS  304  Merdinian  flange  (female),  (2) 
Copper  cathode  plate  and  35  CF  flange  (SUS  304),  and  (3) 
Copper  plate  and  SUS  304  straight  vacuum  tube  (1.5" 
O.D.)  for  electron  beam  exit.  The  second  stage  used  50/50 
Au/Cu  as  the  brazing  alloy  (melting  temperature:  970  °C) 
to  braze  the  following  two  items:  (1)  WR  284  waveguide 
and  the  surrounding  enforcement  copper  bars  (to  prevent 
the  waveguide  deformation  when  evacuated),  and  (2) 
Cavity  body,  cathode  plate,  and  beam  exit  plate.  The  last 
stage  used  Palcusil  15  (65%  Ag,  20.3%Cu  and  14.7%Pd) 
as  the  brazing  alloy  (melting  temperature:  900  °C)  to  braze 
the  cavity  body  and  WR  284  waveguide  together.  After 
brazing,  the  cavity  was  vacuum  tested  using  a  Helium 
leak  detector  and  found  to  be  Helium  leak  tight  to  better 
than  10'9  standard  c.c./sec. 

The  experimental  arrangement  for  the  bead  pull 
measurement  is  shown  in  Fig.  2.  A  machineable  ceramic 
(Aluminium  Oxide)  bead  with  2  mm  diameter  was  used 
as  an  axial  cavity  perturbation.  The  bead  was  drilled  using 
an  Nd:Yag  laser,  and  supported  by  a  nylon  string  with 
0.1mm  diameter.  Two  lab  jacks  were  used  to  support  and 
adjust  the  height  of  the  gun  body.  One  translator  stage 
was  used  for  the  horizontal  alignment  and  the  other 
translator  stage  was  used  to  pull  the  gun  body  so  that  we 
were  able  to  position  the  ceramic  bead  at  any  position 
along  the  longitudinal  axis  of  the  cavity.  The  movement 
resolution  of  the  translator  stage  is  0.01mm,  while  we 
only  move  the  gun  body  along  the  longitudinal  axis  in 
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steps  of  0.5mm.  The  bead-pull  measurement  result  is 
shown  in  Fig.  3.  We  also  show  the  consistency  of  the 
measured  data  with  an  URMEL  calculation. 


Figure  2:  Bead  -  pull  measurement  setup. 


An  elliptical  rf  coupling  iris  was  gradually  enlarged  to 
the  length  of  the  major  semi-axis  being  13.25  mm  and  the 
minor  semi-axis  being  4.90  mm  before  brazing.  The 
coupling  coefficient  was  found  to  shift  from  0.8  (before 
brazing)  to  2.1  (after  brazing).  The  measured  unloaded 
quality  factor  is  6740  after  brazing. 


Figure  3:  Longitudinal  E  -  field  profile  on  axis. 

3  THE  PFN  TEST  STAND 

In  order  to  provide  necessary  rf  power  in  feeding  the  2856 
MHz  rf  gun  cavity,  a  modulator  was  designed  and  built  to 
power  the  XK-5  SLAC  klystron.  The  circuit  diagram  of 
this  S-band  klystron  modulator  is  given  in  figure  4. 

The  Spellman  SR-6  DC  charging  power  supply  (PS)  is 
used  for  testing  purpose  and  is  capable  of  delivering  0.2  A 
output  current  at  30  kV  and  up  to  50  kV  at  smaller  current. 
The  CXI  154  thyratron  switch  holds  the  high  voltage  at 
capacitors  of  pulsed  forming  network  (PFN). 

Protection  of  the  DC  PS  and  thyratron  is  accomplished 
with  a  charging  inductor  and  diodes.  PFN  inductors  are 
made  of  copper  tube  with  6  mm  in  diameter.  Inductance 
tuning  at  nominal  charging  voltage  is  done  by  adjusting  the 
position  of  short  circuit  clamp  associated  with  every 


inductor.  The  match  resistor  reduces  power  reflected  from 
the  circuit  load.  As  the  thyratron  is  triggered,  the  pulsed 
current  from  the  PFN  is  fed  into  XK-5  klystron  such  that 
the  low  power  driving  rf  signal  can  be  amplified  up  to  16 
MW  [4].  Calculated  current  pulse  from  the  PFN  is 
optimized  for  the  indicated  load  resistor  and  is  shown  in 
figure  5.  Table  1  gives  the  technical  specification  of  the 
designed  modulator. 


Figure  4:  The  circuit  diagram  of  this  S-band  klystron 
modulator.  It  consists  of  10  sections  of  LC  circuit.  Every 
individual  inductor  is  tuned  to  obtain  the  required  flattop 
pulse. 


Figure  5:  On  top  of  the  figure,  the  calculated  current  pulse 
from  the  PFN  is  optimized  for  the  indicated  load  resistor. 
The  expanded  view  of  the  flattop  region  is  shown  in  the 
lower  part.  It  indicates  that  a  flattop  with  0.5  %  amplitude 
variation  over  3  jisec  is  estimated. 

Figure  5  shows  the  PFN  current  feeding  into  the  XK-5 
klystron.  The  top  of  the  figure  gives  the  current  pulse  and 
the  bottom  shows  its  flatness  is  0.5  %  over  3  psec  range. 
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Table  I.  Technical  specification  of  S-band  modulator 
Design  parameter 


PFN  charging  voltage  (nominal) 

30 

kV 

Output  voltage  (nominal) 

15 

kV 

Repetition  rate  (nominal) 

10 

Hz 

Pulse  width  (50%) 

7 

psec 

Rise  time  (10  -  90%) 

<  1 

psec 

Fall  time  (10 -90%) 

<2 

psec 

Pulse  flatness  (for  3  psec) 

<0.5 

% 

Number  of  sections 

10 

A  preliminary  test  run  of  the  constructed  PFN  system  is 
given  in  figure  6.  It  gives  the  voltage  pulse  shape  at  the 
load  resistor.  This  test  run  was  done  at  charging  voltage  of 
10  kV.  Considering  the  flatness  requirement,  further 
adjustment  of  individual  inductance  at  every  section  is 
necessary  to  improve  the  flatness  of  the  pulse.  It  also 
indicates  that  adjusting  the  match  resistor  is  needed  to 
reduce  the  bump  signal  at  the  pulse  tail. 


Figure  6:  Preliminary  test  result  of  the  PFN  output  voltage 
pulse  at  the  load  resistor.  The  charging  voltage  of  this  test 
is  10  kV. 


4  SUMMARY 

An  S-band  rf  gun  system  is  being  developed  at  SRRC. 
Both  2856  MHz  and  2998  MHz  systems  are  considered. 
The  rf  cavity  and  the  associated  klystron  modulator  are 
under  construction  and  fine  tuning.  The  measured  results 
on  cavity  E  -  field  profile  and  modulator  output  pulse  shape 
are  compared  with  the  calculation  expectation.  Tuning  of 
each  subsystem  in  further  optimizing  their  performance  is 
expected. 
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Abstract 

We  present  the  design  of  a  photo-injector  based  accelerator 
for  pulsed  radiolysis  applications.  This  machine  is 
destined  to  meet  the  needs  of  the  physical  chemistry 
community  at  the  Universite  de  Paris  XI.  A  4  MeV 
electron  pulse  of  a  few  picoseconds  duration  and  with  a 
charge  in  the  range  of  1  to  10  nC  is  produced  from  a  Cs2- 
Te  photocathode.  The  photocathode  is  placed  in  the  half 
cell  of  a  1-1/2  cell,  3  GHz  RF  gun,  whose  design  is  based 
on  the  gun  used  for  the  drive  beam  of  the  CERN  CLIC 
Test  facilty.  A  4  cell  "booster"  cavity  is  then  used  to 
accelerate  the  beam  to  an  energy  of  9  MeV.  The  transport 
system  consists  of  a  quadrupole  triplet  downsteam  of  the 
booster,  two  rectangular,  30  degree  bend,  dipoles  with  a 
pair  of  quadrupoles  between  them  and  a  second  triplet 
downstream  of  the  second  dipole.  Energy  dependent  path 
length  effects  in  the  two  dipoles  allow  the  possibilty  of 
magnetic  bunch  compression  depending  on  the  phase- 
energy  correlation  of  the  bunch  exiting  the  booster  cavity. 
The  beam  envelope  and  the  bunch  length  have  been 
calculated  through  the  transport  line  using  TRACE-3d  and 
PARMELA.  These  codes  allow  us  to  verify  the  required 
beam  parameters  at  the  experimental  areas.  We  will 
discuss  the  adjustment  of  the  optics,  aimed  at  producing 
the  minimum  electron  bunch  length  at  the  experimental 
targets. 


1  INTRODUCTION 

The  project  ELYSE  aims  to  provide  the  physical 
chemistry  community  with  a  tool  to  study  rapid  chemical 
reaction  dynamics.  Chemical  samples  will  be  irradiated  by 
a  fast,  high  charge  electron  pulse  and  the  resulting 
reactions  will  be  analysed  using  a  laser  pulse  synchronised 
with  the  electron  beam.  The  necessity  for  both  a  laser  and 
electron  beam  to  perform  such  ‘pump-probe’  experiments 
suggests  the  use  of  a  photoinjector  for  the  electron  beam, 
as  the  laser  to  be  used  as  a  probe  can  also  be  employed  to 
produce  the  electron  beam.  The  beam  requirements 
necessary  for  ELYSE  are  given  in  table  1 .  Although  the 
nominal  charge  per  bunch  is  set  to  1  nC  one  hopes  to  be 
able  to  produce  more  intense  pulses  (up  to  10  nC)  with 
similar  pulse  widths.  In  addition  to  these  conditions  there 
is  a  need  to  reduce  the  charge  from  the  dark  current 
arriving  at  the  experimental  samples  to  a  level  of  <  1%  of 
the  charge  of  the  primary  beam.  As  the  RF  pulse  width  is 
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of  the  order  of  3  |J.s  the  dark  current  must  not  exceed  a  few 
microamperes. 

Table  1:  ELYSE  beam  specifications 


Energy 
Bunch  charge 
Bunch  duration 
Energy  spread 
Normalised  emittance 
Beam  size  on  target 


4  -  9  MeV 
>  1  nC 

<  5  ps  (FWHM) 

<  2.5  %  (RMS) 

<  60  mm-mr  (RMS) 
2-20  mm 


2  THE  ACCELERATOR 

The  layout  of  the  accelerator,  chosen  to  satisfy  the 
ELYSE  requirements,  is  shown  in  figure  1. 


Figure  1 .  The  accelerator  layout. 

It  consists  of  a  1-1/2  cell  RF  gun,  followed  by  a  four  cell 
"booster"  cavity  and  a  magnetic  transport  line  to  deliver 
the  beam  to  one  of  three  experimental  areas  (EA).  The 
choice  of  the  gun  is  based  on  the  design  used  at  CERN  for 
the  CLIC  Test  Facility  [1],  The  1-1/2  cell  gun  will 
provide  a  beam  of  approximately  4  MeV  while  the 
booster  cavity  will  allow  further  acceleration  to  9  MeV.  A 
solenoidal  magnet  is  placed  at  the  exit  of  the  gun  to  focus 
the  beam  through  the  booster.  The  design  of  the  transport 
line  is  chosen  with  two  objectives  in  mind.  The  use  of 
the  two  dipoles  allows  the  dark  current  from  the  source  to 
be  filtered  out  before  arriving  at  EA2  or  EA3.  If 
necessary,  the  collimating  slit  can  further  reduce  the  dark 
current  but  at  the  expense  of  losses  in  the  primary  beam. 
Secondly,  the  correlated  phase-energy  dependence  of  the 
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beam  leaving  the  booster  can  be  exploited  to  provide 
temporal  compression  of  the  bunches  due  to  energy 
dependent  path  length  effects  in  the  transport  line  [2]. 
This  will  help  to  compensate  space-charge  effects  which 
will  tend  to  lengthen  the  pulse  duration,  particularly  on 
EA1. 

3  SIMULATIONS 

2.1  The  electron  gun 

As  stated  above,  the  electron  gun  is  based  on  the  design 
used  at  the  CTF.  Nevertheless,  we  have  made  slight 
modifications  to  allow  operation  of  the  gun  at  lower 
cathode  gradients  (65  MV/m)  with  the  aim  of  reducing  the 
dark  current  while  still  allowing  transport  of  the  high 
charge  through  the  booster.  Optimisation  of  the  gun  was 
performed  with  SUPERFISH.  The  calculated  field 
distribution  was  then  used  as  input  for  PARMELA 
calculations  of  the  beam  envelope.  The  magnetic  field  of 
the  solenoid  was  calculated  with  POISSON. 

2.2  The  transport  line 

The  design  and  calculated  settings  of  the  transport  line 
were  made  bearing  in  mind  that  the  most  important 
parameter,  for  the  experimental  targets  is  the  bunch 
length.  The  layout  of  the  line  is  rather  classical.  The 
beam  exiting  the  booster  encounters  a  first  quadrupole 
triplet  followed  by  two  dipoles  with  a  pair  of  quadrupoles 
between  them  and,  finally,  a  second  triplet.  The  machine 
has  a  point  of  symmetry  centered  between  the  pair  of 
quadrupoles.  This  means  that  the  dipoles,  quadrupoles  and 
triplets  are  identical  as  are  the  lengths  of  the 
corresponding  drift  spaces 

The  RMS  beam  parameters  at  the  exit  of  the  booster, 
calculated  using  PARMELA,  were  used  to  provide  input 
Twiss  parameters  for  TRACE-3d  in  each  of  the  phase 
spaces  (x,x’).  (y.y’)  and  (<(>,E).  TRACE-3d  has  the 
advantage  of  allowing  quadrupole  fitting  procedures  and 
permits  one  to  quickly  check  on  the  transport.  On  the 
other  hand,  only  the  linear  part  of  the  space  charge  field  is 
taken  into  account.  For  this  reason,  we  used  PARMELA 
to  calculate  the  envelope  through  the  entire  machine  with 
the  quadrupole  settings  found  using  TRACE- 3d.  No  major 
discrepancies  are  seen  when  comparing  the  transverse 
RMS  beam  enlevopes.  However,  the  final  bunch  length 
calculated  with  PARMELA  appears  to  be  slightly  longer 
than  that  calculated  with  TRACE-3d.  The  difference  may 
be  due  to  the  inclusion  of  the  non-linear  space  charge 
fields  when  using  PARMELA. 

Now  let  us  discuss  the  transport  setting  from  the 
exit  of  the  booster  up  to  EA3.  The  phase  space  co¬ 
ordinates  at  the  exit  of  the  transport  line,  Xj,  are  related  to 
those  at  the  entrance,  x0j,by  the  transfer  matrix  Ry  using 
the  equation, 
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Xj  *  ZRijXoj  (i  =  1,2,..., 6), 
j=l 

where  Xj  s  (x,  x’,  y,  y’,  8z,  5p/p).  First,  We  find  the 
correct  settings  for  the  pair  of  quadrupoles  (Q4  and  Q5)  in 
order  to  have  the  transport  matrix  elements  R:|  *  R52  =  0. 
This  setting  makes  the  bunch  compression  independent  of 
the  geometric  terms  at  the  exit  of  the  booster  cavity. 
Moreover,  it  is  also  the  correct  setting  for  a  first-order 
achromatic  transport  (neglecting  space  charge  effects).  Hie 
fields  of  the  first  triplet  are  then  adjusted  to  give  a 
reasonable  value  for  the  horizontal  beam  size  between  the 
two  dipoles.  Finally,  the  second  triplet  is  set  to  deliver 
the  required  beam  size,  at  EA3.  It  is  then  necessary  to  re¬ 
adjust  Q4  and  Q5  to  maintain  R5,  »  R52  =  0.  If  the  gun 
and  booster  are  adjusted  to  provide  the  required  phase- 
energy  correlation  then  bunch  length  compression  occurs 
after  the  beam  traverses  the  two  dipoles. 

2.3  The  dipoles 

The  dipoles  were  designed  with  the  2D-codes  POISSON 
and  OPERA  [3],  We  have  chosen  to  use  rectangular,  C- 
type  magnets,  with  a  30°  bend  angle,  and  a  bending  radius 
of  500  mm.  The  main  windings  were  calculated  to 
produce  a  maximum  magnetic  field  of  0.1  T.  A  secondary 
winding  allows  one  to  cancel  remanent  fields  of  the  order 
of  20  G,  in  order  to  deliver  the  beam  to  experimental  areas 
1  &  2  when  required. 

2.4  Results 

The  initial  conditions  for  the  PARMELA  calculation 
assume  an  RMS  laser  pulse,  ot  =  lps,  truncated  at  ±  2.5 
a,.  Figure  2  shows  the  phase-energy  correlation  at  the 
exit  of  the  booster  for  a  1  nC  beam  at  9  MeV.  Even  for 
the  highest  charge  and  lowest  energies  of  interest,  the 
beam  exiting  the  booster  meets  the  user  requirements. 


Figure  2.  Energy-phase  correlation  at  the  booster  exit. 


The  envelope  of  the  same  beam  transported  from  the 
booster  exit  to  EA3  is  shown  in  figure  3.  The  calculated 
bunch  compression  in  this  case  is  28%  although  we  have 
shown  that  50%  can  be  achieved.  At  9  MeV  and  1  nC  the 
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desired  pulse  length  is  obtained  (see  Table  2,  figure  3).  At 
the  lower  energy  of  4  MeV  we  still  manage  to  transport  1 
nC  to  EA3  but  we  see  that  the  space  charge  effects  lead  to 
a  longer  pulse. 


Table  2.  Parameters  at  EA3  for  1  nC  charge. 


Energy 


4  MeV 
3.7  ps 


9  MeV 
0.8  ps 


8E/E 

RMS  norm,  emitt. 


3.6%  2.3% 

51  mm-mr  70  mm-mr 


In  contrast,  we  note  that  the  charge  of  10  nC  cannot  be 
transported  without  some  loss  in  the  second  dipole.  We 
continue  to  perform  calculations  to  optimise  the 
transmission  at  10  nC. 


Fig.  3.  The  RMS  values  of  the  transverse  and 
longitudinal  dimensions  of  the  beam  through  the  transport 
line  as  calculated  using  TRACE-3d. 


4  THE  PREPARATION  CHAMBER 

As  we  aim  to  extract  high  charges  (-10  nC)  with  a 
laser  energy  of  -  50  pJ  at  266  nm  we  choose  to  use  a 
caesium-telluride  photocathode.  These  cathodes,  as  well  as 
having  a  high  quantum  efficiency  (>1%),  are  now  known 
to  have  a  long  lifetime,  of  the  order  one  month  [4]  and 
exhibit  low  dark  current  [1].  However,  the  choice  of  such 
a  cathode  requires  the  use  of  a  dedicated  preparation 
chamber.  We  plan  to  install  a  simplified  preparation 
chamber  based  on  the  design  of  a  new  chamber  currently 
being  installed  at  CERN  for  the  CLIC  Test  Facilty  probe 
beam  [4]. 


We  will  use  a  booster  structure  which  already  exists.  The 
entire  RF  network  for  feeding  the  gun  and  booster  has 
been  ordered  from  industry  as  has  the  klystron.  The 
modulator  will  be  built  in-house.  The  quadrupoles  and 
solenoid  are  under  construction  in  industry  and  the  dipoles 
are  out  to  tender.  Once  delivered  they  will  be  tested  using 
the  facilities  at  LURE.  The  magnet  power  supplies  will 
also  be  built  by  a  group  from  the  LURE  laboratory. 
Position  and  intensity  instrumentation  is  being  developed 
at  LAL.  The  control  system  has  been  contracted  to 
industry  and  is  well  in  progress.  The  vacuum  system  has 
been  designed  and  many  components  are  already  on  site 
with  others  ordered.  The  LAL  drawing  office  is  working 
on  the  design  of  many  of  the  mechanical  components 
(vacuum  chambers,  diagnostic  ports,  supports  etc..). 
ELYSE  will  use  an  entirely  commercial  laser  which  has 
already  been  delivered. 

The  facility  will  be  housed  in  an  existing 
building  which  is  currently  being  renovated.  Installation 
and  ‘first  beam’  are  foreseen  for  the  summer  of  the  year 
2000. 
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5  PROJECT  STATUS 

In  this  paper  we  have  mainly  discussed  the  simulation 
work  aimed  at  verifying  that  the  desired  beam  performance 
can  be  obtained.  In  parallel  with  these  calculations  we 
have  been  making  progress  on  the  construction  of  the 
machine.  Low  level  measurements  have  been  performed 
on  a  prototype  RF  gun  to  fix  the  dimensions  of  the  gun. 
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Abstract 

A  photocathode  RF  gun  was  built  and  it  has  been  oper¬ 
ated  for  beam  measurement  at  SPring-8.  The  cavity  was 
tested  by  using  high  power  RF  up  to  18  MW.  The  electric 
field  gradient  on  the  cathode  reached  127  MW/m.  After  RF 
conditioning,  a  laser  pulse  was  irradiated  on  a  copper  cath¬ 
ode  and  the  photo-emitted  beam  was  accelerated  up  to  2.9 
MeV.  An  effective  quantum  efficiency  of  the  cathode  was 
obtained  by  changing  laser  power  and  field  gradient. 

1  INTRODUCTION 

A  photocathode  RF  gun  is  promising  as  an  optional  injector 
for  the  SPring-8  linac  since  a  much  lower  emittance  than 
that  of  the  present  thermionic  gun  system  is  expected.  This 
feature  can  enable  such  future  applications  of  the  linac  as 
a  single-pass  FEL  based  on  SASE,  which  requires  lower 
emittance  and  shorter  bunch  length. 

For  the  optimization  of  a  realistic  gun  system,  an  exper¬ 
imental  and  a  simulation!  1]  study  are  being  conducted  in 
parallel.  The  purposes  of  this  experiment  were  to  develop  a 
reliable  simulation  code  by  comparison  with  experimental 
results,  to  confirm  stable  operation  of  the  RF  cavity  under  a 
high  gradient  field  environment,  and  establish  the  effective¬ 
ness  of  surface  treatment  for  the  reduction  of  dark  current. 
Furthermore,  technical  problems  with  operating  an  RF  gun 
system  were  revealed.  In  this  paper,  the  initial  results  of  the 
experiment  are  described. 

2  EXPERIMENTAL  SET  UP 

2.1  Gun  Cavity 

A  single-cell  RF  cavity[2,  3]  was  designed  by  using 
MAFIA[4],  The  field  distribution  of  a  single-cell  cavity 
is  considered  to  be  simpler  than  that  of  multi-cell  cavities 
and  preferable  for  comparison  with  the  simulation  results. 
The  accelerating  gap  length  was  determined  by  TS2  simu¬ 
lation  to  minimize  the  emittance,  and  the  dimensions  such 
as  coupling  hole  size  and  cell  radius  were  obtained  by  a 
3D  solver.  A  schematic  drawing  of  the  cavity  is  shown  in 
Fig.  1. 

A  cavity  wall  made  of  OFHC  copper  was  used  as  a  pho¬ 
tocathode.  Two  quartz  windows  for  laser  injection  were 
located  with  an  angle  of  24°  from  the  cathode  plane.  Two 
couplers  in  this  cavity  were  adopted  to  improve  the  field 
symmetry  and  shorten  the  filling  time.  The  displacement 
of  the  field  center  from  the  geometrical  center  of  the  cav¬ 
ity  was  thus  0.13  mm,  while  it  was  0.55  mm  for  the  single 
coupler  case.  By  connecting  a  dummy  load  to  the  output 
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coupler,  the  Q  value  of  the  cavity  was  reduced  and  the  fill¬ 
ing  time  was  shortened.  A  shorter  filling  time  enables  a 
higher  field  gradient,  more  stable  operation  and  reduction 
of  dark  currents.  A  higher  gradient  is  needed  to  check  the 
simulation  results.  The  parameters  of  the  cavity  are  sum¬ 
marized  in  Table  1. 


Table  1 :  Parameters  of  high  power  model  cavity. 


Frequency 

MHz 

2856 

Number  of  cells 

Single 

Accelerating  gap 

mm 

28 

Bore  diameter 

mm 

20 

Intrinsic  Q  value 

13000 

External  Q  value  for  output  port 

3684 

External  Q  value  for  input  port 

2786 

Loaded  Q  value 

1414 

Filling  time 

fisec 

0.31 

Shunt  impedance  (for  /?=  1 ) 

Mft 

1.16 

Emax  /  Ecathode 

1.09 

Laser  injection  angle 

[deg] 

90/24 

2.2  Laser 

The  seed  laser  used  in  this  experiment  was  a  cw  mode- 
locked  Nd:YLF  laser  (Lightwave  Model  131)  with  a  rep¬ 
etition  rate  of  178.5  MHz.  A  single  IR  pulse  sliced  by  a 
Pockels  cell  was  amplified  by  flash-lamp-pumped  regener¬ 
ative  amplifiers  at  a  repetition  rate  of  10  Hz.  Then  fourth 
harmoinic  photons  were  generated  by  two  BBO  crystals.  A 
UV  pulse  with  a  wavelength  of 262  nm  and  a  pulse  duration 
of  10  ps  was  transferred  into  the  radiation-shielded  area  and 
focused  on  the  gun  cathode.  The  maximum  energy  of  the 
laser  pulse  is  about  2mJ  at  262nm. 
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2.3  RF  System 

A  block  diagram  of  the  high  power  RF  system  is  shown 
in  Fig.  2.  A  35  MW  klystron  was  installed  at  the  RF  gun 
test  area  located  in  the  Machine  Laboratory  Building  next 
to  the  1  GeV  linac.  RF  power  generated  from  the  klystron 
is  divided  into  two  waveguides,  and  one  is  fed  into  the  gun 
cavity  while  the  other  is  fed  into  a  dummy  load.  The  RF 
power  divider  consists  of  a  Magic  Tee,  a  phase  shifter  and 
a  3  dB  coupler  and  can  divide  power  in  an  arbitrary  ratio. 
There  is  an  RF  window  between  the  waveguide  system  and 
the  cavity.  The  vacuum  pressure  in  the  cavity  is  kept  lower 
than  10~5  Pa  by  a  100  1/sec  sputter  ion  pump.  The  RF 
power  can  be  monitored  through  the  directional  couplers 
(DC1~5)  shown  in  Fig.  2. 

The  klystron  drive  frequency  of  2.856  GHz  is  generated 
by  a  178.5  MHz  RF  signal  from  the  seed  laser. 


Figure  3:  tbp  view  of  beam  diagnostics  system. 


during  the  conditioning.  The  RF  power  fed  into  the  cavity 
reached  up  to  18  MW  after  6  hours  operation.  The  maxi¬ 
mum  RF  power  was  limited  due  to  klystron  problems. 

Fig.  4  shows  typical  RF  wave  forms  at  the  upstream  and 
downstream  of  the  gun  cavity.  The  electric  field  strength  in 
the  cavity  saturated  within  1/rsec,  although  some  reflection 
effects  could  be  seen  on  the  wave  forms  due  to  the  lack  of 
an  RF  circulator.  The  pulse  duration  could  be  shortened 
during  a  single  bunch  mode  to  reduce  dark  currents  and 
achieve  more  stable  operation  in  a  higher  field  gradient. 


Figure  2:  Block  diagram  of  high  power  RF  system. 


2.4  Beam  Diagnostic  System 

As  shown  in  Fig.  3,  the  beam  transport  line  consists  of  two 
solenoid  magnets,  two  pairs  of  X-Y  slits,  a  wall  current 
monitor,  two  screen  monitors,  an  energy  analyzing  magnet 
and  a  Faraday  cup.  All  components  are  mounted  on  an 
optical  table.  We  do  not  use  a  return  yoke  plate  for  the 
solenoid  magnets,  because  the  field  distribution  of  such  a 
coil  can  be  solved  easily  and  included  into  the  simulation 
code.  These  magnets  are  only  used  to  transport  the  beam 
with  appropriate  beam  size  but  not  optimized  to  minimize 
emittance.  Two  pairs  of  X-Y  slits  are  used  for  emittance 
measurement. 

During  measurements  mentioned  below,  it  was  found 
that  the  field  distribution  of  solenoid  magnets  was  distorted 
by  the  optical  table  made  of  magnetic  material.  As  a  result, 
a  horizontal  deflection  of  beam  occurred.  A  steering  mag¬ 
net  was  installed  to  compensate  the  beam  deflection  due  to 
the  solenoid  field.  This  optical  table  will  be  replaced  by 
non-magnetic  one. 

3  HIGH  POWER  TEST  OF  GUN  CAVITY 

The  RF  conditioning  of  the  cavity  was  performed  with  a 
pulse  duration  of  1  fi sec  and  a  repetition  rate  of  10  Hz. 
The  vacuum  in  the  cavity  was  kept  lower  than  1 x 10-4  Pa 


Cl 


Figure  4:  Typical  RF  waveforms  obserbed  by  directional 
couplers  shown  in  Fig.  2. 


The  dependence  of  the  dark  current  on  the  field  gradient 
is  shown  in  Fig.  5.  Dark  currents  were  measured  by  using  a 
Faraday  cup  directly  connected  to  the  cavity.  The  peak  cur¬ 
rent  increased  exponentially  with  increasing  the  field  gra¬ 
dient.  It  reached  up  to  10  mA  when  the  field  gradient  was 
121  MV/m.  The  dark  current  will  decrease  largely  along 
the  transport  line  with  solenoid  fields. 

Since  continuous  RF  breakdowns  and  beam  loading  ef¬ 
fects  on  reflection  and  transmitted  RF  power  from  the  cav¬ 
ity  could  not  be  seen  at  this  power  level,  the  field  gradient 
could  be  further  increased. 
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Field  Gradient  [MV/m] 

1 

Figure  5:  Dark  current  as  a  function  of  field  gradient  on 
cathode. 

4  BEAM  MEASUREMENTS 

4.1  Energy 

After  RF  conditioning  of  the  cavity,  a  laser  pulse  was  irra¬ 
diated  on  the  cathode  and  the  photo-electrons  were  accel¬ 
erated.  The  center  beam  energy  was  2.6  MeV  and  energy 
spread  was  about  ±10%  when  the  input  RF  power  was  18 
MW.  The  field  gradient  on  the  cathode  reached  127  MV/m. 
These  results  agreed  with  the  simulation  results.  A  depen¬ 
dence  of  beam  energy  and  energy  spread  on  RF  phase  could 
not  obtained  because  of  an  asymmetry  of  solenoid  field. 

4.2  Quantum  Efficiency 

The  effective  quantum  efficiency  was  measured  by  con¬ 
necting  a  Faraday  cup  directly  to  the  cavity.  A  pulsed  sig¬ 
nal  of  the  current  was  flattened  by  an  RC  filter  with  a  time 
constant  of  1.7  second.  The  contribution  of  dark  currents 
was  subtracted.  Fig.  6  shows  the  bunch  charge  as  a  func¬ 
tion  of  irradiated  laser  energy  when  the  field  gradients  were 
90  and  124  MV/m.  The  RF  phase  was  adjusted  to  obtain 
a  maximum  charge.  From  the  slope  of  these  data,  the  ef¬ 
fective  quantum  efficiency  for  90  MV/m  case  was  found 
to  be  2.4x  10~5.  It  was  enhanced  to  3.7x  10~5  in  the  case 
of  124  MV/m  by  Schottky  effect.  Though  laser  power  was 
enough  to  produce  a  charge  of  more  than  1  nC  at  this  condi¬ 
tion,  it  could  not  possible  to  transport  whole  charge  against 
the  space  charge  force  without  solenoid  magnets.  In  order 
to  improve  the  quantum  efficiency,  a  laser  cleaning  of  the 
cathode  and  change  of  laser  polarizing  angle  will  be  effec¬ 
tive. 

5  CONCLUSIONS 

The  fabricated  gun  cavity  has  shown  the  expected  perfor¬ 
mance  in  experiments  conducted  so  far.  The  dependences 
among  the  field  gradient,  charge,  RF  phase,  laser  power 
and  so  on  should  be  further  studied  and  compared  with  the 
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Figure  6:  Beam  charge  per  bunch  as  a  function  of  irradiated 
laser  energy.  ' 

simulation  results.  In  order  to  investigate  the  beam  char¬ 
acteristics  in  a  higher  field  gradient,  klystron  power  needs 
to  be  increased  up  to  35  MW.  At  this  power  level,  the  field 
gradient  becomes  about  180  MV/m.  Measurement  of  the 
transverse  emittance  and  bunch  length  will  be  major  ac¬ 
tivities  in  the  next  phase  of  this  experiment.  Furthermore, 
another  two  cavities  will  be  evaluated  to  confirm  the  ef¬ 
fectiveness  of  surface  processing  on  the  reduction  of  dark 
current. 
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2  RF  GUN  SYSTEM 


Abstract 

The  performance  tests  were  done  for  a  1.6  cell  s-band 
BNL-type  photocathode  RF  electron  gun,  GUN-IV,  under 
a  condition  of  1.5MW  RF  power  input  and  266nm 
Nd:YAG  laser  pulse  irradiation.  As  a  result,  the 
maximum  energy  and  the  maximum  charge/  bunch  were 
obtained  as  1.6  MeV  and  120  pC/bunch,  respectively.  In 
addition,  a  sinusoidal  behavior  of  current  with  the 
polarization  angle  of  laser  light  were  measured. 
Furthermore,  the  change  in  current  as  a  function  of  laser 
injection  phase  was  measured  and  reasonably  reproduced 
by  a  numerical  calculation. 

1  INTRODUCTION 

Recently,  photocathode  RF  electron  guns  are  being 
vigorously  developed  by  several  groups  for  free  electron 
laser,  laser-  and  plasma-  accelerations,  laser  Compton 
scattering  experiments  etc.,  since  this  kind  of  gun  has 
several  advantages.  First,  ultra-low  emittance  beam  can 
be  realised.  And  then,  any  bunching  section  is  not 
necessary  in  an  accelerator,  energy  spread  can  be  largely 
suppressed,  bunch  length  can  be  controlled  by  the  pulse 
width  of  laser,  the  synchronization  can  be  easily  achieved 
with  laser  pulse,  and  so  on. 

A  new  BNL-type  photocathode  RF  gun  (GUN  IV)  was 
designed  and  constructed  under  the  BNL/KEK/SHI 
international  collaboration  in  1997[1],  based  on  the 
design  of  BNL-GUN  III[2].  Here,  the  second  generation 
of  the  GUN  IV  is  introduced,  which  was  manufactured  by 
SHI  for  ultra-short  X-ray  pulse  generation  through  the 
inverse  Compton  scattering  [3,4], 

In  this  paper,  some  results  from  the  performance  tests 
of  this  gun,  such  as  the  electron  energy  and  the 
dependence  of  the  beam  characteristics  on  the  parameter 
of  laser  injection,  are  shown.  Though  the  designed  peak 
power  of  RF  pulse  is  7MW,  only  1.5MW  power  was  fed 
into  the  gun  due  to  the  limitation  of  experimental  setup. 
However,  the  results  show  the  gun  can  be  operated 
satisfactorily  by  such  low  RF  power. 
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Femtosecond  Technology  Research  Association  (FESTA)  supported  by 
the  New  Energy  and  Industrial  Technology  Development  Organization 
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Our  gun  system  has  almost  the  same  structure  as  the  first 
generation!  1]  and  can  be  separated  into  a  gun  cavity  (1.6 
cell),  a  single  emittance  compensation  solenoid 
magnet[5],  a  pair  of  dipole  magnet  and  a  vacuum 
pumping  unit.  The  gun  cavity  has  two  s-band  cells  made 
of  oxygen-free  highly  pure  copper  (class  1),  called  “half 
cell”(0.6  cell)  and  full  cell  (1.0  cell).  These  cells  are 
directly-coupled.  The  half  cell  ended  with  the 
photocathode  and  have  two  optical  ports  for  laser 
injection  whose  angle  is  67.5°  to  the  normal  of  the 
photocathode.  On  the  other  hand,  the  full  cell  has  the 
beam  exit  and  is  connected  with  the  waveguide  for  RF 
power  input.  Furthermore,  this  gun  has  three  water 
cooling  channels  for  the  higher  repetition  rate  in 
operation  (high-duty). 

The  solenoid  magnet  is  ca.  230mm  long  including 
yoke  plates  and  directly  connected  with  the  gun  at  one- 
side.  The  magnetic  field  along  the  central  axis  of  the 
solenoid  coil  was  measured  to  be  homogeneous  over  100 
mm  in  z-direction  and  at  least  30  mm  in  the  radial 
direction.  The  maximum  field  strength  was  3  kG  at  200A. 

The  dipole  magnets  for  x-  and  y-  direction  are  located 
in  the  hole  of  the  solenoid  magnet  and  have  the  common 
central  axis  in  z-direction  with  the  solenoid.  The  straight 
section  of  the  coil  is  100mm  long  and  can  give 
homogeneous  field.  The  field  strength  shows  a  linear 
relationship  with  the  current  and  40G  was  measured  at 
the  current  of  1A. 

The  gun  cavity  was  directly  pumped  out  by  an  ion 
pump  (150  1/s)  and  the  base  pressure  was  achieved  to 
about  1  x  10*  Pa.  An  auxiliary  turbo  molecular  pump 
system  is  set  in  the  down  stream  of  the  solenoid  coil.  It  is 
used  only  for  starting  up  evacuation  of  the  system. 

3  ELECTRON  BEAM  GENERATION 

The  performance  tests  were  done  in  the  LINAC  facility  of 
ISIR,  Osaka  University.  The  power  of  input  RF  was 
measured  through  a  directional  coupler  to  be  1.5  MW. 
The  laser  which  drives  the  gun  was  a  15  picosecond 
Nd:YAG  laser  which  is  developed  especially  for  RF  guns 
by  Time  Bandwidth  Products  (TBP)  and  Sumitomo 
Heavy  Industries  (SHI)[6], 

The  profile  of  electron  beam  was  monitored  by  the 
combination  of  a  phosphor  plate,  which  is  made  of 
sintered  A1203  doped  with  Cr,  and  a  CCD  camera  (screen 
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monitor).  Fig.  1  shows  the  optimal  beam  profile  in  the 
form  of  the  cross  sectional  views  along  x  axis(left)  and  y 
axis(right)  obtained  after  the  solenoid.  The  fitting  of  the 
profile  with  a  gaussian  curve  resulted  in  the  beam  size  of 
about  1.5mm<|>  (2<Jx=1.48mm  and  2oy=1.53mm). 


Fig.  1  The  cross-sectional  view  of  the  optimal  beam 
profile  (x-axis:left,  y-axis:right),  observed  on  the  screen 
monitor  after  the  solenoid  magnet.  The  dimension  is 
described  in  unit  of  pixels  (lpixel=0.287mm).  The 
oscillation  at  low  level  in  the  right  figure  might  be  some 
back-ground  frequency  noise  on  measurement. 


4  ENERGY  MEASUREMENT 

The  energy  of  electron  beam  was  measured  by  the 
steering  action  of  the  magnetic  fields  on  the  beam.  In  the 
measurement,  the  dipole(x)  field  was  set  and  fixed  to  the 
appropriate  value  and  the  distance  of  the  center  in  the 
beam  profile  from  the  original  one  (BdlpoW,=0)  was 
measured.  Then,  changing  the  solenoid  field,  the  distance 
was  measured.  The  results  are  seen  in  Fig.  2  with  three 
simulation  curves.  The  beam  trajectory  was  calculated 
based  on  a  simple  Lorenzian  eq.  in  the  simulation  for  the 
electron  beam  energy  of  1.5-1.7MeV. 


Fig.  2  The  radial  distance  of  the  beam  position  from  the 
original  one,  observed  on  the  screen  monitor.  The 
solenoid  field  was  changed  while  the  dipole  field  was 
fixed.  The  simulation  curves  are  for  1.5,  1.6  and  1.7MeV 
electron  beams. 

From  this  figure,  in  the  case  of  1.5  MW  power  input, 
approximately  1.6  MeV  of  beam  energy  was  obtained. 


At  this  energy,  emission  intensity  was  not  so  sufficient  in 
the  measurement  then  the  data  are  relatively  scattered. 
The  error  bars  in  Fig.  2  show  the  resolution  of  the  CCD 
camera  (1  pixel). 

On  the  other  hand,  the  maximum  acceleration  field  in 
the  gun  is  calculated  to  17MV/m,  using  the  RF  power  of 
1.5MW.  This  acceleration  field  can  give  the  energy  of 
about  1.9  MeV  which  is  not  so  different  from  the 
experimentally  estimated  above. 


Fig.  3  The  dependence  of  the  electron  energy  on  the  laser 
injection  phase.  Error  bars  indicate  the  resolution  of  the 
CCD  camera. 


The  dependence  of  the  energy  on  laser  injection  phase 
was  also  measured.  The  trend  of  change  in  energy  is 
similar  to  the  curve  from  simulation  which  was  done  with 
the  calculated  acceleration  field.  The  curve  indicates  that 
acceleration  efficiency  become  lower  by  the  phase 
change.  The  difference  between  the  measured  values  and 
the  simulated  curve  seems  enhanced  with  increase  in 
phase.  It  may  come  from  scattering  effects  by  residual 
gas,  because  the  RF  conditioning  is  not  sufficient  yet. 

4  CHARGE  MEASUREMENT 

Current  of  the  output  beam  was  measured  with  a  thick 
copper  electrode  (10mm<|>)  with  impedance-matched  to  50 
ohm  which  is  located  at  730mm  from  the  photocathode. 
The  charge  of  the  bunch  was  estimated  from  the  current, 
considering  the  repetition  rate  of  10  Hz  and  subtracting 
the  dark  current. 

In  Fig.  4,  the  measured  charge  is  plotted  as  a  function 
of  laser  injection  phase.  The  simulated  curve  which  is 
normalized  at  the  maximum  point  is  also  shown  in  the 
figure.  The  maximum  current  was  obtained  at  the  phase 
somewhat  before  that  giving  the  maximum  field  (phase 
=0).  It  is  the  same  situation  as  in  the  case  of  energy,  seen 
in  Fig.  3.  Over  30  degree  in  Fig.  4,  a  small  peak  appears. 
This  may  be  because  the  RF  power  of  1.5  MW  was  used 
instead  of  the  designed  power  of  7MW.  It  is  suspected 
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that  electron  beam  might  have  a  complicated  trajectory 
between  the  half  cell  and  full  cell. 


Fig.  4  The  charge  measurement  as  a  function  of  the  laser 
injection  phase  and  the  simulation  cueve. 

The  effect  of  polarization  angle  of  laser  light  on  the 
charge  was  measured  by  using  a  1/A,  plate.  As  shown  in 
Fig.  5,  sinusoidal  change  in  charge  was  obtained.  As 
Sakai  et  al.  pointed  out[l],  since  we  inject  laser  pulse 
onto  the  photocathode,  one  directional  component  of  the 
field  of  laser  light  may  affect  much  largely  on  the 
photoemission  process  at  the  cathode.  The  maximum 
effect  should  be  obtained  at  p-type  polarization. 
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Fig.  5  The  change  in  charge  /pulse  with  the  laser  injection 
phase. 


the  performance  test  including  the  emittance 
measurement  and  the  bunch  length  measurement  will  be 
done  and  our  project  on  ultra-short  X-ray  generation 
through  the  inverse  Compton  scattering  will  be  proceeded. 

5  CONCLUSION 

The  performance  test  of  the  second  generation  of  GUN- 
IV  was  done  with  RF  power  of  15MW  and  Nd:YAG  laser. 
The  maximum  energy  and  the  maximum  charge/pulse 
were  1.6MeV  and  120pC/pulse, respectively.  One  of  the 
most  important  advantage  of  RF  gun  is  ultra-low 
emittance  beam  generation  based  on  the  large 
acceleration  gradient  (>100MV/m)  induced  by  high 
power  RF.  Next  step,  we  should  perform  this  kind  of 
experiment.  But  here,  in  other  words,  we  demonstrated 
that  the  gun  works  well  even  with  such  low  power  RF 
(1.5MW). 
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After  a  series  of  performance  tests  described  above, 
we  have  got  the  optimum  parameters  for  the  solenoid 
field  and  for  the  laser  injection  to  get  the  maximum 
electron  charge  from  the  gun.  Finally,  the  maximum 
charge  was  recorded  120  pC/pulse  at  the  solenoid  field  of 
0.6  kG  and  the  laser  injection  phase  of  -10  degree,  while 
the  dark  current  was  60  pC/RF  pulse.  As  discussed  on  Fig. 
4,  the  insufficient  RF  conditioning  can  make  the  gun 
performance  worse.  The  relatively  high  dark  current  may 
come  from  this  condition.  In  future,  using  high  power  RF, 
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Abstract 

An  integrated  S-Band  RF  photoinjector  based  on  the 
plane  wave  transformer  (PWT)  is  being  built  in  the 
Particle  Beam  Physics  Laboratory  at  UCLA  in 
collaboration  with  DULY  Research.  This  novel  structure 
integrates  a  photocathode  directly  into  a  PWT  linac  [1] 
making  the  structure  simple  and  compact.  Due  to  the 
strong  coupling  between  each  adjacent  cell,  this  structure 
is  relatively  easy  to  fabricate  and  operate  [2],  This 
photoinjector  can  provide  high  brightness  beams  at 
energies  of  15  to  20MeV,  with  emittance  less  than  1mm- 
mrad  at  charge  of  1  nC  [3].  These  short-pulse  beams  can 
be  used  in  various  applications:  space  charge  dominated 
beam  physics  studies,  plasma  lenses,  plasma  accelerators, 
free-electron  laser  microbunching  techniques,  and  SASE- 
FEL  physics  studies  [4].  It  will  also  provide  commercial 
opportunities,  in  chemistry,  biology  and  medicine.  The 
present  status  of  the  PWT  photoinjector  including 
fabrication  and  cold  test  to  characterise  the  structure  is 
described.  RF  system  and  photocathode  drive  laser 
system  are  also  discussed. 

1  INTRODUCTION 

The  photoinjector  concept  was  first  proposed  and 
experimentally  tested  at  Los  Alamos  in  mid-80s.  Photo¬ 
injectors  have  proven  their  ability  to  produce  very  bright 
electron  beams.  The  high  brightness  beams  have  several 
applications,  such  as  self-amplified  spontaneous  emission 
free-electron  lasers  (SASE-FEL),  Compton  scattering 
sources,  wake-field  accelerator  drivers,  and  linear  collider 
sources  of  polarized  electrons. 

The  conventional  BNL/SLAC/UCLA  1.625  cell 
photocathode  RF  gun  has  been  proved  to  be  a  reliable 
high  brightness  beam  source  [5],  but  the  beam  energy  of 
this  type  of  gun  is  relative  low  (4~5MeV),  it  usually 
needs  additional  accelerating  sections  to  get  relative  high 
energy.  And  due  to  its  small  cell-to-cell  coupling  and 
small  mode  separation  (3MHz),  it  is  hard  to  make. 

A  new  S-band  photoinjector  design  is  pursued  by  a 
UCLA/DULY  Research  collaboration.  A  novel  compact 
standing  wave  RF  structure  (PWT)  is  integrated  with  a 
removable  photocathode.  This  structure  has  great 
coupling  between  the  accelerating  cells.  The  mechanical 
tolerances  for  the  PWT  gun  is  much  higher  than  those  for 


the  BNL/SLAC/UCLA  type  gun,  making  it  much  easier 
to  fabricate. 

The  S-band  PWT  photoinjector  is  a  Small  Business 
Innovation  Research  (SBIR)  project  proposed  by  DULY 
research  Inc.  teaming  up  with  UCLA  to  develop  a  novel 
photoelectron  linear  accelerator.  The  goal  of  this  project 
is  to  accelerate  a  short  pulse  (~5ps),  low  emittance 
(~lmm-mrad),  high  charge  (InC)  electron  beam  in  a 
compact  (~33MeV/m),  low-cost  linear  accelerator.  The 
compact  linac  will  have  broad  commercial  and  research 
applications. 

A  schematic  of  the  PWT  photoinjector  is  shown  in  Fig.l. 
The  structure  consists  of  a  cylindrical  tank  and  an  array  of 
disks.  There  are  totally  10  full  cells  and  2  half  cells  in  the 
whole  structure.  The  disks  are  connected  together  by  4 
metal  rods  parallel  to  the  axis.  The  disks  are  separated 
from  the  cylindrical  tank,  so  they  are  like  a  centre 
conductor  to  support  a  TEM-like  plane  wave  between  the 
tank  and  disks.  The  field  within  the  region  of  the  disk  is 
similar  to  a  TM01  mode,  which  can  accelerate  electrons 
on  the  axis.  This  structure  transforms  a  transverse  plane 
wave  field  into  a  field  having  a  longitudinal  electric 
component  for  acceleration  of  electrons.  The  feature 
causes  the  PWT  structure  to  have  the  advantages  of  high 
shunt  impedance  and  strong  coupling  between  each  cell. 
The  PWT  also  provides  good  vacuum  conductance  and 
easy  fabrication.  But  this  structure  also  raises  the  concern 
about  the  field  asymmetry  caused  by  the  four 
supporting/cooling  rods.  Our  simulation  and  cold  test 
shows  this  effect  is  negligible. 


In  this  paper,  we  describe  the  RF  structure  design, 
focusing  solenoid  design,  beam  dynamics  study,  RF 
system,  laser  system  and  current  status  of  the  PWT  gun. 


Figure  1 :  Schematic  view  of  the  PWT  photoinjector. 


'Work  supported  by  U.S.  DOE  grants  DE-FG03-98ER45693  and  SBIR 
DE-FG03-96ER82156. 
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2  ELECTROMAGNETIC  STRUCTURE 
DESIGN 


The  PWT  structure  is  simulated  by  using  both 
SUPERFISH  and  GDFIDL.  The  SUPERFISH  code  is  a 
2D  electromagnetic  field  solver;  it  is  helpful  in  finding 
dimensions  of  PWT  for  a  given  frequency.  However,  the 
metal  rods  cannot  be  included  because  the  code  is  lack  of 
ability  to  solve  3D  problem.  Therefore,  the  3D  code 
GDFIDL  has  been  used  to  obtain  a  more  complete  picture 
of  the  RF  field  and  it  gives  a  more  precise  value  of  the 
properties  of  the  RF  structure. 

Figure  2(a)  shows  a  field  plot  from  SUPERFISH  and 
GDFIDL,  a  clear  plane  wave  (TEM-like)  pattern  is  shown 
between  the  outer  tank  and  the  disk  assembly.  The 
acceleration  electric  field  distribution  (TMOl-like)  is 
shown  at  the  centre  of  the  disk  irises.  Figure  2(b)  shows 
the  feature  of  electric  field  contours  on  the  transverse 
cross-section  at  the  centre  of  the  full  cell.  It  should  be 
noted  that  the  rods  (not  shown  on  Figure)  only  produce  a 
minor  on-axis  perturbation  on  the  field  distribution  for 
this  operation  mode.  Especially  for  the  field  closed  to  the 
beam  centre,  this  perturbation  is  negligible.  A  detailed 
study  of  this  perturbation  is  shown  in  another  conference 
paper  by  J.Rosenzweig  et  al  [6], 


(b) 

Figure  2:  (a)  Plots  of  the  Electric  field  distribution  of  the 
operating  mode  at  the  on-axis  cross-sections,  (b)  The 
feature  of  axial  direction  electric  field  contour. 


In  the  beam  dynamics  simulation,  we  first  make  an 
electric  field  map  from  SUPERFSH  and  GDFIDL  and  a 
magnetic  field  map  from  POISSON.  Then  we  run 
PARMELA  to  get  a  good  electron  beam  simulation.  This 
design  is  subject  to  the  following  constraints: 


•  Relatively  high  shunt  impedance; 

•  Minimizing  higher  spatial  harmonic  content; 

•  Cell  number  and  gradient  appropriate  to  deliver 
20MeV  beam; 

•  Good  coupling  and  high  mode  separation; 

•  Low  transverse  multipole  content; 

•  Relatively  low  Q  to  allow  for  structure  filling; 

•  Relatively  small  outer  diameter  to  allow  compact 
focusing  solenoid; 

Given  all  of  there  constraints,  we  have  chosen  an  inner 
radius  of  the  tank  wall  to  be  5.5cm  Disks  have  donuts 
shapes  with  ID  irises  of  1.6cm,  which  can  minimize 
higher  spatial  harmonic  content  and  provide  55MQ/m 
shunt  impedance.  According  to  a  recent  analytical  theory 
of  emittance  compensation,  the  solenoid  magnetic  field 
should  start  focusing  as  early  as  possible,  and  the 
emittance  compensation  prefers  a  relatively  low  field 
gradient.  In  our  case  we  choose  the  on-axis  maximum 
field  to  be  60MV/m.  With  a  24MW  input  power,  We 
decide  to  use  10+2/2cells  (57.75cm)  structure  to  obtain 
20MeV  electrons.  The  coupling  coefficient  is  mainly 
dictated  by  the  distance  from  the  outer  radius  of  the  disks 
and  the  inner  radius  of  the  tank.' For  the  parameters  we 
have  chosen,  the  coupling  was  quite  strong,  with  0  and  n 
mode  separation  about  400  MHz,  10/1  In  and  n  mode 
over  8MHz.  The  quality  factor  Q  is  around  20,000.  That 
allows  for  the  structure  filling  time  less  than  4ps.  A 
solenoid  field  map  is  shown  in  Figure  3. 


3  BEAM  DYNAMIC  STUDY 

The  beam  optics  design  is  closely  related  to  the  RF 
structure  design  and  the  focusing  solenoid  design.  The 
purpose  of  the  beam  dynamics  design  is  for  obtaining  the 
highest  brightness  beam  with  minimal  emittance.  The 
basic  technique  for  the  beam  dynamics  design  is 
experimenting  with  different  electron  input  and 
electromagnetic  fields  layout,  using  code  such  as 
PARMELA  to  get  the  best  beam  output.  Based  on  the 
Serafini  and  Rosenzweig  (SR)  theory,  we  can  get  good 
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emittance  compensation  if  the  beam  profile  follows  the 
invariant  envelope,  which  has  the  form: 

_  2mec2  I  ,  (1) 

E  pi0r(z) 

where  E  is  the  average  acceleration  field,  I  is  the  rms 
current,  and  I„=17kA.  The  theory  prefers  a  low  gradient 
(60MV/m)  and  a  nominal  launch  phase  0O=32°  to  match 
the  invariant  envelope.  Besides  considering  this  matching, 
we  also  have  other  constraints  in  our  beam  dynamic 
design:  beam  charge  InC  to  be  ideal  for  PEL  experiment, 
frequency  2856MHz  to  match  the  RF  power  provided  by 
S-Band  klystron,  pulse  length  9.8psec  FWHM  by 
availability  of  the  laser  source.  Figure  4  displays  the 
evolution  of  the  rms  beam  size  and  emittance  from  the 
PARMELA  simulation  and  invariant  envelope  equations. 


Figure  4:  Comparison  of  beam  envelope,  emittance  from 
PARMELA  and  invariant  envelope  from  equation  (1). 
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Figure  5:  (a)Schematic  of  test  piece  (b)  Electric  field 
distribution  on  axis,  line  value  from  simulation,  dot  value 
from  bead  pull  measurement. 

5  SUPPORT  SYSTEMS 

5.1  RF  Systems 

The  RF  system  supplies  the  power  to  drive  the  PWT  gun. 
A  2856MHz  low-level  signal(-mW)  is  generated  by  the 
laser/timing  system  and  amplified  by  a  solid  state 
amplifier  to  300W.  A  SLAC  XK5  type  klystron  driven  by 
a  modulator  uses  this  signal  to  produce  up  to  24MW  RF 
powers  in  a  4ps  pulse.  The  output  power  is  controlled  by 
adjusting  the  high  voltage  supplied  to  the  modulator.  A 
high  power  isolator  and  a  RF  window  are  installed 
between  the  gun  and  the  klystron  to  protect  the  klystron. 


According  to  a  scaling  theory  of  RF  gun  design,  this 
injector  can  also  run  at  low  charge  (15pC),  ultra-low 
emittance  (0.06mm-mrad)  mode,  which  can  be  used  as  an 
injector  for  the  plasma  heatwave  acceleration  and  optical 
acceleration  experiments. 

4  THE  COLD  TEST  RESULTS 

To  test  what  we  found  in  the  numerical  simulation,  a  cold 
test  piece  that  characterises  the  PWT  structure  was  made. 
The  test  piece  consists  of  2  half  cells  shown  in  Figure  5. 
All  measurements  were  done  with  a  HP  network  analyser. 
The  on-axis  electric  field  distribution  is  measured  by  a 
bead-pull  perturbation  technique.  To  reduce  the  system 
error  in  the  measurements,  the  room  temperature  has  to  be 
regulated  with  very  small  fluctuation.  The  n  mode 
frequency  from  the  cold  test  is  2856.556MHz.  The 
GDFIDL  simulation  gives  us  2855.820MHz  for  the 
chosen  dimensions.  The  difference  is  less  than  0.03%.  We 
also  measured  the  mode  separation  between  the  n  mode 
and  0  mode  which  is  over  400MHz.  The  real  PWT 
structure  has  been  machined  and  copper  plated  on  the 
tank  inner  surface  and  metal  rods.  The  whole  structure 
(10  full  cells  and  2  half  cells) will  be  brazed  together  and 
be  tested  soon. 


5.2  Laser  System 

A  new  Lightwave  131  laser  with  all-diode  pumped 
Nd:YLF  regenerative  amplifier  was  developed  and 
installed  at  UCLA,  in  collaboration  with  Lightwave 
electronics.  This  system  provides  lOps  FWHM  pulses 
without  CPA.  Doubling  crystals  are  available  to  provide 
UV  conversion.  We  can  get  300pJ  UV  (wavelength 
263nm)  pulse,  more  than  enough  energy  to  make  the 
PWT  gun  to  yield  over  1  nC  of  charge  from  a  copper 
photocathode. 
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Abstract 

At  thfe  Advanced  Photon  Source  (APS)  at  Argonne 
National  Laboratory  (ANL),  a  free-electron  laser  (FEL) 
based  on  the  self-amplified  spontaneous  emission 
(SASE)  process  is  nearing  completion.  Recently,  an  rf 
photoinjector  gun  system  was  made  available  to  the  APS 
by  Brookhaven  National  Laboratory/Accelerator  Test 
Facility  (BNL/ATF).  It  will  be  used  to  provide  the  high¬ 
brightness,  low-emittance,  and  low-energy  spread 
electron  beam  required  by  the  SASE  FEL  theory.  A 
Nd:Glass  laser  system,  capable  of  producing  a  maximum 
of  500  pJ  of  UV  in  a  1-10  ps  pulse  at  up  to  a  10-Hz 
repetition  rate,  serves  as  the  photoinjector’s  drive  laser. 
Here,  the  design,  commissioning,  and  integration  of  this 
gun  with  the  APS  will  be  discussed. 

1  INTRODUCTION 

The  Advanced  Photon  Source  (APS)  at  Argonne 
National  Laboratory  (ANL)  is  currently  commissioning  a 
free-electron  laser  (FEL)  based  on  the  self-amplified 
spontaneous  emission  (SASE)  process  [1].  This  project, 
referred  to  as  the  APS  SASE  FEL,  is  designed  to  achieve 
saturation  in  the  visible,  UV,  and  ultimately  VUV 
wavelengths.  To  assist  in  producing  the  beam  required 
for  saturation  in  the  shortest  possible  distance,  the  APS 
has  installed  an  on-loan  copy  of  the  Brookhaven 
National  Laboratory/Accelerator  Test  Facility 
(BNL/ATF)  high-brightness  photoinjector,  GUN-IV,  at 
the  head  of  its  linac.  This  paper  will  discuss  the  gun 
design,  drive-laser,  integration  with  the  APS  systems, 
commissioning,  and  future  plans. 

2  RF  GUN  DESIGN 

A  performance  enhanced  version  of  the  traditional 
BNL/ATF  1.6-cell  2856-MHz  photocathode  rf  gun 
system  [2]  will  be  used.  These  enhancements  include 
symmetrization  of  the  rf  fields  [3]  and  an  upgrade  to 

"Work  supported  by  U.S.  Department  of  Energy,  Office  of  Basic  Energy 
Sciences,  under  Contract  No.  W-31-109-ENG-38. 
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insure  performance  at  high  repetition  rates  [4],  The 
solenoidal  field  is  used  to  control  transverse  emittance 
dilution  [5]. 

3  THE  APS  DRIVE  LASER 

The  drive-laser  system  consists  of  a  mode-locked,  diode- 
pumped  Nd:Glass  oscillator  coupled  to  a  Nd:Glass 
regenerative  amplifier.  The  119-MHz  oscillator  can 
produce  260  fs  FWHM  bandwidth-limited  pulses 
centered  at  1053  nm.  The  repetition  rate  of  the  oscillator 
is  the  24lh  subharmonic  of  the  accelerating  field.  The 
oscillator  average  output  power  is  approximately  100 
mW  and  is  timing  stabilized  to  <  1  ps  rms.  The 
regenerative  amplifier  is  capable  of  producing  5  mJ  in 
the  IR  and,  after  frequency  quadrupling,  -500  pJ  in  the 
UV.  During  the  amplification,  some  bandwidth  is  lost; 
therefore,  the  shortest  pulse  produced  by  the  amplifier  is 
roughly  1.5  ps  FWHM.  This  is  sufficiently  short,  based 
on  the  requirements  of  the  photoinjector,  and  can  be 
easily  lengthened  if  so  desired.  The  amplifier  is  capable 
of  operating  at  up  to  5  Hz,  with  a  best  effort  repetition 
rate  of  10  Hz. 

4  PHOTOINJECTOR  SYSTEM 

Figure  1  shows  the  layout  of  the  photoinjector  at  the 
APS.  A  copper  cathode  is  used,  since  the  energy  output 
of  the  drive  laser  is  capable  of  producing  sufficient 
quantum  efficiency  with  this  metal.  In  addition,  copper 
will  reduce  the  amount  of  time  dedicated  to  laser 
cleaning  and  cathode  replacement,  and,  since  it  is  robust 
compared  to  other  commonly  used  cathode  materials, 
such  as  yttrium  (Y)  and  magnesium  (Mg),  will  also 
reduce  the  risk  of  cathode  damage.  The  gun  is  driven  by 
the  UV  laser  beam  at  near  normal  incidence  from  an 
input  mirror  just  after  the  solenoid  magnet  as  opposed  to 
the  more  difficult  10°  incidence  through  two  available 
laser  ports.  This  input  mirror  is  mounted  on  a  rotatable  in 
vacuo,  micrometer,  which  provides  the  vertical 
positioning  of  the  mirror  as  well  as  the  horizontal 
positioning  of  the  laser. 
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Figure  1 :  The  photoinjector  as  installed  in  the  APS  linac 

There  is  a  vacuum  pump  on  the  gun  itself,  the 
waveguide,  and  immediately  following  the  solenoid 
magnet.  There  are  two  gate  valves:  one  just  after  the 
solenoid  exit  and  one  immediately  following  the  beam 
position  monitor.  This  allows  for  easy  maintenance  of 
the  beamline  components  between  the  gun  and  the  rest 
of  the  linac  when  needed. 

Since  the  drive  laser  is  not  entering  the  gun  via  either 
of  the  70°  laser  ports,  the  ports  are  instead  used  for  a 
cathode  inspection  light  and  cathode  imaging  in  the 
visible  and  UV.  There  are  three  corrector  magnets:  one 
inside  the  bore  of  the  solenoid  assembly,  one 
immediately  after  the  exit  of  the  solenoid,  and  one  just 
after  the  laser  injection  port.  Just  before  this  injection 
port  is  an  integrating  current  transformer,  and  just 
downstream  lies  a  two-way  actuator  assembly.  One  arm 
contains  a  YAG  screen  and  the  other  maintains  a  mirror 
for  additional  cathode  inspection.  After  the  actuator 
assembly  is  a  stripline  BPM.  Additional  diagnostics 
include  thermocouples  for  monitoring  the  gun  and 
waveguide  temperatures,  rf  power  readbacks,  and  a 
heliax  cable  from  the  gun’s  rf  pick-up  loop  for  on-line 
cavity  tuning. 

6  RECENT  RESULTS,  PROGRESS,  AND 
FUTURE  PLANS 

The  BNL/ATF  1.6-cell  2856-MHz  photocathode  rf  gun 
was  fully  conditioned  with  rf  power  in  four  days  in 
December  1998  in  a  recently  constructed  rf  test  area. 
First  photoelectfons  were  achieved  with  -25  pJ  in  the 
UV  (263  nm)  on  March  8,  1999,  with  8  MW  forward 
power  at  the  gun.  This  translates  into  nearly  102  MV/m 
and  5.0  MeV  electrons.  Figure  2  shows  the  first  captured 
image  on  the  YAG  screen  of  such  photoelectrons.  Many 
of  the  diagnostics  listed  above,  other  than  the  YAG 
screen,  were  not  available  in  this  rf  test  area,  since  they 
were  being  prepared  for  the  photoinjector  installation 
into  the  linac.  The  charge,  therefore,  was  unfortunately 
not  available  in  conjunction  with  these  first  electrons  to 
compare  with  the  total  input  photon  energy.  It  was, 
however,  estimated  as  -50  pC,  derived  from  the  work 
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Figure  2:  First  photoelectrons;  March  8,  1999 

function  of  copper  and  a  previously  proven  quantum 
efficiency  of  -lx  10'5,  based  on  the  preparation  of  this 
copper  cathode  [6].  The  dark  current  was  barely 
observable  on  the  YAG  screen.  The  purpose  of  this  run 
in  the  rf  test  area  run  was  to  prove  the  operational 
readiness  of  the  photocathode  rf  gun  before  installation 
into  the  linac. 

The  photoinjector  system  was  installed  at  the  head  of 
the  APS  linac  on  March  12,  1999,  replacing  the  original 
source,  a  thermionic  DC  gun,  pre-buncher,  and  buncher. 
Here,  the  photocathode  rf  gun  has  a  water  flowrate  of  6.1 
liters/minute  (1.6  gallons/minute)  at  a  temperature  of  50 
±  0. 1  °C.  The  four  water  channels,  which  provide  water  to 
the  cathode,  half  cell,  full  cell,  and  gun  waveguide, 
respectively,  have  separate  flow  regulation  to  assist  in 
maintaining  the  desired  temperature  stability.  Additional 
thermal  insulation  has  been  installed  around  the  gun.  The 
solenoid  is  cooled  to  a  temperature  of  32  ±  1°C.  With 
respect  to  the  waveguide  system,  there  is  a  water-cooled 
rf  window  isolating  the  gun  from  the  rest  of  the  rf 
delivery  system.  Just  after  this  window  is  a  3-dB  hybrid 
that  helps  to  reduce  excess  reflected  power  to  the 
klystron.  The  modulator  and  klystron  assembly  are 
capable  of  providing  35-MW  forward  power  with 
repetition  rates  up  to  30  Hz  and  rf  pulses  ranging  from 
0.1-10  ps,  which  is  well  above  the  -8  MW  at  5-10  Hz  in 
1-3  ps  required  for  optimal  operation. 

Before  the  waveguide  between  the  gun’s  isolation 
window  and  the  rest  of  the  run  were  connected,  a 
launcher  was  attached  onto  the  isolation  window.  Two 
microwave  measurements  were  then  taken  to  insure  the 
tune  in  the  gun’s  cavities  was  correct  after  being  moved 
and  reinstalled.  A  10-W  amplifier  was  used  to  drive  the 
gun  through  the  launcher.  The  network  analyzer 
measurements  of  the  reflection  (S„)  and  transmission 
(S21)  were  obtained  and  are  shown  in  Figures  3  and  4, 
respectively.  From  these  and  previous  measurements,  we 
found  a  loaded  Q  of  5700  and,  assuming  a  coupling  beta 
close  to  one,  yields  an  unloaded  Q  of  -11400.  The  0-  and 
7t-  mode  separation  is  3.40  MHz. 
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Figure  3:  Reflection  measurement 


Figure  4:  Transmission  measurement 


Previous  to  the  photocathode  gun  installation  at  the 
head  of  the  linac,  two  thermionic  rf  guns  with 
corresponding  alpha  magnets  were  fully  integrated  into 
the  linac.  Their  location  is  just  downstream  of  the  first 
SLAC-type,  3-m  accelerating  structure.  They  now  serve 
as  the  primary  injectors  for  the  APS  [7],  The  second 
thermionic  rf  gun,  nearest  to  the  second  downstream 
accelerating  structure,  was  used  to  commission  the  APS 
SASE  FEL  beamline  in  February  1999.  Although  this 
thermionic  rf  gun  will  continue  to  be  used  in  further  APS 
SASE  FEL  commissioning,  the  BNL/ATF  photoinjector 
will  serve  as  the  main  injector  for  this  project,  since  it  is 
capable  of  producing  the  high-brightness,  low-emittance, 
low-energy  spread,  and  high  peak  current  electron  beam 
required  to  best  satisfy  the  SASE  theory  [8],  The 
parameters  of  these  two  guns  to  be  used  with  the  APS 
SASE  FEL  may  be  found  in  Table  1. 


Table  1:  Expected  photocathode  rf  and  measured 
thermionic  rf  gun  parameters 


Parameter 

Photocathode 

Thermionic 

Energy  [gun 
exit] 

5  MeV 

5  MeV 

Repetition  rate 

1-5  Hz 

1-10  Hz 

Emittance 

3  7rmmmrad 

lOTtmmmrad 

Peak  current 

300  A 

150  A 

Energy  spread 

0.1% 

0.5% 

Preliminary  alignment  of  the  drive  laser  to  the  cathode 
center  was  performed  during  the  March  1999  general 
maintenance  period.  The  photocathode  rf  gun  system 
verification  and  check-out  is  underway,  and  full 
commissioning  of  the  linac  and  APS  SASE  FEL 
beamline  with  this  new  injector  is  expected  to  begin  in 
April  1999. 
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1  INTRODUCTION  Table  1.  Injector  II  Parameters. 


A  collaboration  has  been  formed  between  FNAL,  UCLA, 
INFN  Milano,  the  University  of  Rochester,  and  DESY  to 
develop  the  technology  of  an  RF  photoinjector,  followed 
by  a  superconducting  cavity,  to  produce  high  bunch  charge 
(8  nC)  with  low  normalized  emittance  (<  20  mm  ■  mrad)  in 
trains  of  800  bunches  separated  by  l /is.  The  activities  of 
the  collaboration  fall  into  two  categories: 

1 .  the  development  of  Injector  II  for  the  TeSLA/TTF  ac- 
.  celerator  [1].  This  photoinjector  ( TTF  RF  Gun )  was 

tested  at  Fermilab  in  September  and  October  1998  and 
installed  at  DESY  in  November  1998. 

2.  the  installation  at  the  A0  Hall  of  Fermilab  of  a  mod¬ 
ified  version  of  the  TTF  photoinjector,  for  photoin¬ 
jector  R&D  and  to  study  novel  applications  of  high¬ 
brightness,  pulsed  electrons  beams.  This  photoinjec¬ 
tor  (A0  RF  Gun )  produced  its  first  beam  in  March 
1999. 

This  paper  presents  a  summary  of  the  tests  done  at  Fermilab 
on  the  TTF  Injector  II  and  the  first  results  obtained  on  the 
new  Fermilab  photoinjector. 

2  EXPERIMENTAL  LAYOUT 

The  photoinjector  consists  of  an  RF  gun  with  a  high  effi¬ 
ciency  photocathode,  driven  by  a  Nd:YLF  laser,  followed 
by  a  9-cell  superconducting  cavity  and  a  magnetic  chicane, 
composed  of  four  dipoles,  to  compress  the  bunches.  At 
the  end  of  the  beam  line,  a  spectrometer  magnet  is  used  to 
measure  the  energy.  The  electrons  are  accelerated  to  4-5 
MeV  in  the  gun  and  further  accelerated  to  14-18  MeV  in 
the  9-cell  superconducting  cavity.  The  parameters  of  the 
photoinjector  are  summarized  in  Table  1.  The  upstream 
portion  of  the  beam  line  is  shown  in  Fig.  1. 

2.1  RF  Gun 

The  high  duty  cycle  (1%)  RF  gun  [2]  consists  of  a  standing 
wave  structure  with  a  one-and-a-half-cell  cavity  resonating 
in  the  tt  mode  at  a  frequency  of  1.3  GHz.  The  gun  was 
designed  to  be  operated  at  a  nominal  RF  power  of  4.5  MW 
for  800  /is  at  10  Hz,  which  corresponds  to  an  average  power 

’Operated  by  the  Universities  Research  Association  under  contract  with 
the  U.  S.  Department  of  Energy. 


Before  compression 

Bunches  per  macropulse 

800 

Macropulse  spacing 

100  ms 

Bunch  spacing 

\/lS 

Bunch  charge 

8.0  nC 

Laser  pulse  length  FWHM 

28  ps 

Beam  radius  at  cathode 

3.0  mm 

Peak  field  on  cathode 
(nominal) 

35  MV/m 

Beam  total  energy 

18  MeV 

Transverse  emittance 
(normalized) 

1 1  mm  •  mrad 

Longitudinal  emittance 
(100  %  RMS) 

820  deg-keV 

Momentum  spread 

4.2% 

Bunch  Length 

4.3  mm 

Peak  Current 

276  A 

After  compression,  from  theory 

Transverse  emittance 
(normalized) 

15  mm -mrad 

Bunch  Length 

1.0  mm 

Peak  Current 

958  A 

dissipation  of  36  kW.  The  gun  is  cooled  via  channels  ma¬ 
chined  into  the  walls,  with  4L/s  of  water  flow.  In  order  to 
obtain  a  high  brightness  and  low  emittance  beam,  the  emit¬ 
tance  growth  due  to  mainly  linear  space  charge  must  be 
reduced.  To  reduce  the  linear  space  charge,  a  high  gradient 
is  used  (i?c=50MV/m  at  4.5MW  and  35MV/m  at  2.2MW) 
and,  as  required  by  the  Carlsten  emittance  compensation 
scheme  [3],  a  focussing  solenoid  (divided  into  a  primary 
and  a  secondary  solenoid)  surrounds  the  gun,  as  shown  in 
Fig.  1. 

2.2  Laser 

A  Cs2Te  photocathode  [4]  located  in  the  first  half-cell  of 
the  gun  produces  photoelectrons  when  illuminated  by  a 
263  nm  wavelength  light  (fourth  harmonic  of  the  Nd:YLF 
laser).  The  laser  [5]  was  designed  to  produce  a  train  of  up 
to  800  equal  amplitude,  10  p,J  UV  pulses  spaced  by  1  /is  at 
1  Hz  repetition  rate.  The  laser  pulse  length  is  adjustable  to 
l-20ps  FWHM  at  Fermilab  and  to  a  longer  length  at  DESY. 


0-7803-5573-3/99/$10.00@  1999  IEEE. 
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PHOTO-CATHODE  RF  GUN  WITH 
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Figure  1 .  AO  beam  line  layout. 


2.3  Nine-cell  Cavity 

The  superconducting  accelerating  cavity  is  a  9-cell  Nb 
structure  [1],  Sub-systems  include  a  high-power  coaxial 
input  coupler  ( Qext  =  106  to  9  •  106),  a  cold  tuner  (range 
«  ±  400  kHz),  and  2  coaxial  higher-order  mode  couplers. 
The  cavity  is  a  prototype  fabricated  by  industry  for  TTF. 
It  was  etched,  rinsed,  heat  treated,  and  tested  with  RF  at 
DESY.  The  cavity  is  one  of  a  batch  with  low  quench  field 
(13  MeV/m  in  CW  for  this  cavity),  attributed  to  contamina¬ 
tion  in  the  electron  beam  welds  at  the  equator.  The  horizon¬ 
tal  cryostat  was  designed  at  Orsay  [6]  for  the  TTF  capture 
cavity  and  built  by  industry.  The  cavity  and  cryostat  were 
assembled  at  Fermilab,  cooled  to  1.8  K,  and  tested  with  RF, 
as  well  as  beam  [7], 

3  TTF  RF  GUN 

Using  a  molybdenum  cathode,  the  TTF  RF  gun  was  condi¬ 
tioned  with  an  RF  pulse  of  3.4  MW  (the  maximum  power 
available  from  the  klystron)  for  100  /as  at  1  Hz  repetition 
rate,  providing  an  RF  field  of  44  MV/m  on  the  cathode.  At 
800  /as,  the  peak  power  was  limited  to  2.8  MW  at  1  Hz  due 
to  trips.  Dark  current  associated  with  field  emission  was 
observed  with  a  Faraday  cup  on  an  actuator  located  about 
40  cm  from  the  exit  of  the  gun.  The  integrated  Faraday  cup 
signal  indicated  0.4  mA  of  dark  current  with  an  electric 
field  of  40  MV/m  on  the  cathode.  With  a  Cs2Te  photocath¬ 
ode,  the  gun  was  operated  at  3  MW  with  100  /as  at  1Hz. 
RF  trips  limited  the  power  to  2.2  MW  at  800  /as  and  1Hz. 
However,  measurements  with  the  Faraday  cup  showed  a 
decrease  of  the  dark  currrent:  0.08  mA  at  40  MV/m  on  the 
Cs2Te  photo-cathode. 

The  dark  current  was  significantly  smaller  for  the  TTF 
gun  than  the  first  prototype  gun  [8].  The  decrease  may  be 
explained  by  careful  cleaning  of  the  TTF  gun  and  the  in¬ 
stallation  in  the  beam  line  under  a  HEPA  filtered  laminar 
flow  and  by  the  use  of  a  different  type  of  spring  around  the 
photocathode. 

Electron  beam  measurements  were  made  at  Fermilab  on 
the  TTF  RF  gun.  Pulse  trains  of  800  bunches  at  1  Hz 
with  0.3-0.4  nC  per  bunch  were  accelerated,  as  shown  in 
Fig.  2.  Other  experiments  with  1-10  bunches  per  train  at 
1-10  nC  per  bunch  were  carried  out  to  characterize  the  gun. 
Phase  scans  of  the  gun  showed  a  phase  acceptance  of  100° . 
The  energy  measurements  were  done  with  35  MV/m  on 
the  cathode,  producing  electrons  with  a  total  energy  of  4.3 


MeV  (according  to  the  PARMELA  code  [9]);  the  9-cell  had 
an  accelerating  gradient  of  14.5  MV/m.  Electrons  of  total 
energy  of  19.3  MeV  were  expected  and  measured  at  18.5 
MeV.  The  uncertainties  in  the  measurement  of  the  electric 
field  and  in  the  calibration  of  the  spectrometer  are  sufficient 
to  account  for  this  difference. 

4  AO  RF  GUN:  FIRST  RESULTS 

After  the  modulator  and  the  TTF  gun  were  sent  to  DESY, 
the  A0  RF  gun  was  installed  in  its  place,  following  the  same 
procedures  as  for  the  TTF  RF  gun.  A  new  modulator  was 
installed  at  A0,  with  a  maximum  RF  pulse  length  of  600  /as 
and  1  Hz  repetition  rate.  It  was  operated  with  pulse  lengths 
of  up  to  400  /as. 

Thus  far,  we  have  been  able  to  power  the  A0  RF  gun 
with  the  maximum  output  of  the  klystron,  i.e  3  MW,  at  400 
/as  and  1  Hz.  Dark  current  measurements  were  done  with 
a  Faraday  cup  at  the  same  location  as  for  the  TTF  RF  gun. 
At  37  MV/m  on  the  cathode  (2.44  MW  of  forward  power), 
a  current  of  0.05  mA  and  0.06  mA  was  measured  with  the 
molybdenum  and  the  Cs2Te  cathodes,  respectively.  The 
values  of  the  dark  current  for  the  A0  RF  gun  are  thus  com¬ 
parable  to  those  of  the  TTF  RF  gun. 

Preliminary  measurements  with  beam  in  the  A0  RF  gun 
have  been  done.  Phase  scans  were  made,  measuring  the 
charge  in  the  Faraday  cup  versus  the  phase  of  the  RF  rel¬ 
ative  to  the  laser.  Results  showed  a  phase  acceptance  of 
100°.  The  phase  that  gave  the  maximum  amount  of  charge 
was  chosen  for  operation.  Once  the  gun  phase  was  fixed, 
we  measured  the  energy  of  the  beam  versus  the  phase  of  the 
9-cell  (Fig.  3),  with  35  MV/m  on  the  gun  and  7.8  MV/m  of 
accelerating  gradient  in  the  superconducting  cavity.  The  to¬ 
tal  energy  of  the  beam  was  expected  to  be  12.4  MeV  and  we 
measured  13.7  MeV.  As  for  the  TTF  RF  gun,  uncertainties 
in  the  calibration  of  the  spectrometer  and  in  the  measure¬ 
ment  of  the  field  level  are  enough  to  explain  this  difference. 

5  FUTURE  EXPERIMENTS 

5. 1  Tests  on  the  A0  RF  Gun 

Beam  dynamics  studies  will  be  done  on  the  A0  RF  gun. 
The  transverse  emittance  will  be  measured  via  emittance 
slits  located  after  the  quadrupole  triplet.  A  quadrupole 
scan  emittance  measurement  will  also  be  carried  out.  A 
2  ps  streak  camera  will  be  used  to  measure  the  longitudinal 
emittance  of  the  beam  and  the  longitudinal  compression  of 
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Figure  2.  Scope  traces  for  800-bunch  operation  of  the  TTF 
RF  gun,  showing  the  laser  photo-diode  signal  (channel  3) 
and  the  Faraday  cup  signal  (channel  2). 
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Figure  3.  Energy  of  the  beam  versus  phase  of  the  supercon¬ 
ducting  cavity. 

the  chicane.  These  quantities  will  be  measured  as  a  func¬ 
tion  of  beam  parameters,  charge,  and  solenoid  strength, 
among  others. 

5.2  Bunch  Length  Measurement  by  Electro- 
Optic  Sampling 

The  electro-magnetic  field  of  a  10  nC  electron  bunch  will 
be  detected  using  the  electro-optic  effect  [10]:  the  polariza¬ 
tion  of  a  picosecond  IR  probe  laser  pulse  is  modulated  as 
the  laser  pulse  and  the  beam  field  propagate  collinearly  in 
a  LiTaC>3  crystal.  By  scanning  the  relative  delay,  the  bunch 
length  and  temporal  profile  can  be  obtained. 

5.3  Plasma  Wake  Field  Acceleration 

The  photoinjector  will  be  used  to  carry  out  a  test  of  plasma 
wake-field  acceleration.  In  this  acceleration  scheme,  a  high 
brightness  relativistic  electron  beam  is  injected  into  a  un- 
derdense  plasma  (having  density  less  than  the  density  of  the 
beam).  The  plasma  electrons  are  ejected  from  the  beam’s 
path  to  form  an  ion  channel.  A  second  bunch  is  injected 
at  the  correct  time  to  be  accelerated  by  the  plasma  wave, 
typically  1  ps  after  the  drive  beam  pulse.  In  an  under- 


dense  plasma,  the  plasma  focuses  and  accelerates  the  sec¬ 
ond  bunch.  Gradients  up  to  1  GeV/m  are  expected. 

5.4  Crystal  Channeling  Experiment 
While  gaseous  plasma  acceleration  gradients  can  be  very 
large,  gradients  from  solid  state  plasmas  could  be  even 
larger,  in  the  range  of  10  GeV/m.  Solid  state  plasma  ac¬ 
celeration  conditions  can  be  reached  with  the  A0  beam. 
However,  at  the  plasma  densities  required  for  acceleration, 
there  are  severe  limitations.  Crystal  channeling  has  been 
discussed  as  a  method  to  mitigate  the  problems  associated 
with  the  solid  state  plasmas  and  also  introduce  focussing 
[11].  There  have  been  no  studies  of  the  channeling  pro¬ 
cess  under  these  conditions.  A  Darmstadt-Fermilab  group 
is  preparing  an  experiment  to  observe  channeling  at  A0  un¬ 
der  conditions  required  for  solid  state  acceleration.  This 
experiment  will  look  for  quenching  of  channeling  radiation 
as  the  bunch  intensity  is  increased.  If  the  initial  experiment 
is  successful,  solid  state  acceleration  may  be  attempted  in 
a  later  stage. 
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Abstract 

The  Argonne  Wakefield  Accelerator  has  been  successfully 
commissioned  and  used  for  conducting  wakefield 
experiments  in  dielectric  loaded  structures  and  plasmas. 
Although  the  initial  wakefield  experiments  were 
successful,  higher  drive  beam  quality  would  substantially 
improve  the  wakefield  accelerating  gradients.  In  this  paper 
we  present  a  new  1-1/2  cell  L-band  photocathode  RF  gun 
design.  This  gun  will  produce  10  -  100  nC  beam  with  2-  5 
ps  rms  pulse  length  and  normalized  emittance  less  than 
100  mm  mrad.  The  final  gun  design  and  numerical 
simulations  of  the  beam  dynamics  are  presented. 

I  INTRODUCTION 

High  current  short  electron  beams  have  been  a  subject  of 
intensive  studies  [1],  One  of  the  particular  uses  for  this 
type  of  beam  is  in  wakefield  acceleration  applications. 
High  current  (kA)  short  electron  beam  generation  and 
acceleration  did  not  materialize  until  the  advent  of  RF 
photoinjector  technology [2].  Although  most  photocathode 
RF  gun  development  has  been  concentrated  on  high 
brightness,  low  charge  applications  such  as  free  electron 
laser  injectors,  there  have  been  several  relatively  high 
charge  rf  photocathode  based  electron  sources  built  and 
operated[3,4,5].  In  general,  there  are  two  approaches  to 
attaining  high  peak  current.  One  approach  is  to  generate 
an  initially  long  electron  bunch  with  a  linear  head-tail 
energy  variation  that  is  subsequently  compressed  using 
magnetic  pulse  compression.  The  advantage  of  magnetic 
compression  is  that  it  is  a  well-known  technology  and  can 
produce  sub-picosecond  bunch  lengths.  However,  due  to 
strong  longitudinal  space  charge  effects,  this  technology  is 
limited  to  relatively  low  charges  (<10  nC). 

Another  approach  is  to  directly  generate  short  intense 
electron  bunches  at  the  photocathode  and  then  accelerate 
them  to  relativistic  energies  rapidly  using  high  axial 
electric  fields  in  the  gun  [3].  The  advantage  of  this 
approach  is  that  it  can  deliver  very  high  charges,  for 
example,  100  nC  if  one  uses  an  L-band  gun.  This  would 
satisfy  the  requirements  of  most  electron  driven  wakefield 
experiments  for  both  plasma  and  dielectric  structures,  if 
the  pulse  length  is  short  enough  (<  10  ps  FWHM).  So  far, 
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the  Argonne  Wakefield  Accelerator  (AW  A)  has 
demonstrated  the  capability  of  producing  100  nC,  25  — 
35  ps  (FWHM)  electron  beams  at  14  MeV.  This 
unprecedented  performance  was  obtained  using  a  half  cell 
photocathode  gun  cavity  and  two  standing  wave  iris- 
loaded  linac  sections  [6],  The  AWA  machine  has  reached 
its  design  goal  and  has  been  used  for  dielectric  wakefield 
[7]  and  plasma  [8]  experiments.  The  initial  results  are 
encouraging  [9].  Achieving  higher  gradients  in  wakefield 
experiments  would  require  the  drive  electron  pulse  to  be 
even  shorter  and  have  a  lower  emittance.  In  this  paper,  we 
discuss  the  design  of  a  new  RF  photocathode  gun  with  the 
capability  of  producing  10  -  100  nC  with  2  -  5  ps  (rms) 
pulse  lengths. 

2  DESIGN  CONSIDERATIONS 

In  order  to  generate  high  charge  and  short  bunch 
lengths  from  a  photocathode  RF  gun,  the  electric  field  on 
the  cathode  surface  has  to  be  very  intense.  In  this  way  the 
electrons  leaving  the  cathode  surface  are  quickly 
accelerated  to  relativistic  velocities,  minimizing  the  bunch 
lengthening  and  the  emittance  growth  that  the  space 
charge  forces  produce  [10,11],  There  is  also  bunch 
lengthening  and  transverse  emittance  growth  at  the  exit 
iris  of  the  gun  cavity  due  to  the  defocusing  forces  of  the 
RF  fields.  Thiils,  this  effect  also  calls  for  high  accelerating 
gradient  and  high  beam  energy  at  the  exit  of  the  gun.  It  is 
therefore  desirable  to  have  a  multicell  gun  with  high 
accelerating  gradient.  Practical  considerations  (mainly  a 
finite  amount  of  RF  power)  limit  the  design  to  1  -  1/2 
cells.  The  choice  for  our  new  gun  design  is  a  Brookhaven 
type  1-  1/2  cell  cavity  [12]  scaled  up  to  L  band  operation. 
This  gun  will  be  followed  by  one  of  the  present  linac  tanks 
that  exist  at  the  AWA  facility. 

A  detailed  numerical  study  [13,  14]  of  this  gun  was 
performed  with  the  computer  codes  SUPERFISH  and 
PARMELA  [15].  Table  1  summarises  the  parameters  used 
in  the  simulations.  These  extensive  numerical  simulations 
showed  a  strong  dependence  of  bunch  length  and 
emittance  with  respect  to  the  accelerating  gradient  in  the 
gun  cavity.  Based  on  these  studies,  it  was  decided  that  an 
accelerating  gradient  of  80  MV/m  on  the  cathode  surface 
was  a  good  operating  point.  This  requires  10  MW  of  RF 
power  to  be  coupled  into  the  gun  cavity,  which  still  leaves 
enough  power  to  run  one  of  the  linac  tanks.  This 
accelerating  gradient  yields  good  values  of  emittance  and 
bunch  length,  while  still  not  high  enough  to  make  the  RF 
conditioning  of  the  gun  a  challenging  task.  (In  fact,  we 
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recently  conditioned  a  duplicate  of  the  present  AWA  gun 
up  to  a  gradient  of  125  MV/m  [16].) 

TABLE  1.  The  gun  design  parameters  as  calculated  using 
SUPERFISH 

Inner  Radius  of  the  Cell,  b  (cm)  9.03 

Radius  of  the  iris,  a  (cm) _ 2,75 

Width  of  the  iris,  d  (cm) _ 1.5 

Aperture  of  the  exit  (cm) _ 2.5 

Operating  frequency  (GHz) _ 1.3 

Initial  beam  radius  (cm) _ 1 

Quality  factor,  Q _  26008 

Shunt  impedance  (Mfl/m) _ 36.47 


3  REALIZABLE  GUN  DESIGN 

In  order  to  reach  a  design  that  can  actually  be  built,  one 
has  to  take  into  account  all  the  other  constraints  besides 


drive  the  solenoid  steel  into  saturation. 

Figure  1  shows  a  drawing  of  the  complete  gun  and 
solenoids  design.  Two  solenoids  are  exactly  next  to  each 
other,  with  the  photocathode  plane  as  their  plane  of 
symmetry.  This  maximizes  the  space  available  for  the  RF 
power  coupler  over  the  full  cell  of  the  gun.  The  tuning 
plunger  in  the  full  cell  is  located  diametrically  opposite  to 
the  RF  coupler,  both  being  at  the  equator  line  of  the  full 
cell.  An  RF  pickup  probe  is  located  half  way  along  the 
circumference  of  the  full  cell  between  the  RF  coupler  and 
the  tuning  plunger.  The  half  cell  has  both  the  tuning 
plunger  and  the  RF  pickup  probe  on  the  back  plate  of  the 
cell.  This  breaks  the  symmetry  of  the  half  cell,  but  it  is 
acceptable  in  our  L-band  size  cavity.  The  perturbation  of 
the  field  lines  over  the  relatively  small  size  cathode  area  is 
negligible.  The  tuning  plungers  and  RF  pickup  probes  will 
allow  us  to  verify  and,  if  necessary,  to  adjust  the 
parameters  of  the  two  cells,  in  order  to  achieve  the  right 
resonance  frequency  for  the  n  mode  and  field  balance  in 
the  cavity.  The  cooling  channels  are  drilled  along  the 
cylindrical  wall  of  the  gun,  and  also  run  over  part  of  the 


the  optimization  of  the  electron  beam  parameters.  There  back  and  front  plates  of  the  cavity, 
must  be  enough  space  around  the  gun  to  allow  for  a  Numerical  simulations  of  this  final  design  yield  values 
waveguide  to  couple  RF  power  into  the  cavity.  Space  must  f°r  the  emittance  and  bunch  length  that  are  slightly  worse 
also  be  available  for  tuning  plungers,  RF  pickup  probes,  than  the  ones  obtained  in  reference  [13,  14].  This  results 
vacuum  pumping  and  cooling  channels.  All  these  space  fr°m  the  fact  that  the  location  and  dimensions  of  the 

requirements  limit  the  size  and  constrain  the  location  of  solenoids  are  not  dictated  only  by  the  optimization  of  the 

the  solenoids.  Certainly  one  must  also  be  careful  not  to  beam  parameters,  but  also  by  other  physical  constraints. 


Figure  1:  Photocathode  RF  gun 
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The  degradation  is  however  very  small,  and  the  gun  is  still 
expected  to  generate  very  short  bunches  with  low 
emittance.  Results  of  numerical  simulations  with 
PARMELA  are  shown  in  Fig.  2.  These  plots  show 
emittance,  bunch  length,  energy  and  radial  coordinate  as  a 
function  of  the  longitudinal  coordinate  along  the 
accelerator  for  a  bunch  charge  of  40  nC.  At  the  exit  of  the 
linac  the  code  predicts  a  normalized  rms  emittance  of  66 
mm  mrad  and  an  rms  bunch  length  of  3.7  ps. 

4  DISCUSSION  AND  SUMMARY 

We  have  reached  a  final  design  for  the  new  AWA 
photocathode  RF  gun.  This  gun  will  dramatically  improve 
the  capabilities  of  our  program  to  study  wakefield 
acceleration  in  dielectric  loaded  structures  and  plasmas. 
The  electron  beam  produced  by  this  gun  is  expected  to 
excite  wakefields  in  plasmas  with  accelerating  gradients  in 
excess  of  1  GeV/m  with  a  plasma  density  of  ~1014  /cm3. 

In  dielectric  loaded  structures,  this  beam  will  also  make 
a  significant  improvement  over  present  attainable 
gradients.  One  can  use  this  beam  to  directly  demonstrate 
collinear  wakefield  acceleration  gradients  in  excess  of  50 
MV/m  corresponding  to  200  MW  of  RF  power  generated 
in  30  GHz  dielectric  structures. 

It  is  worth  pointing  out  that  the  present  AWA 
photocathode  RF  gun  has  achieved  unprecedented  values 
of  charge  per  bunch,  and  has  allowed  us  to  advance  the 
understanding  of  wakefield  acceleration  in  plasmas  and  in 
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Figure  2:  Numerical  simulations  of  the  beam  along  the  gun 
and  linac  structures:  (a)  energy  and  trajectories  in  the 
transverse  plane;  (b)  bunch  length  and  emittance. 


dielectric  structures.  However,  the  present  gun  was 
designed  when  only  a  very  limited  amount  of  RF  power 
was  available  for  the  experiment  (2  MW).  Thus,  the  beam 
parameters,  namely,  bunch  length  and  emittance,  suffered 
serious  limitations  due  to  this  relatively  low  level  of  RF 
power.  The  newly  designed  gun  will  take  advantage  of  the 
higher  level  of  RF  power  now  available  in  the  facility, 
yielding  better  beam  parameters  and,  consequently,  higher 
accelerating  gradients  in  the  wakefield  acceleration 
experiments. 
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Abstract 

The  Drossel  collaboration  [1]  was  established  for  the 
development  a  low  emittance,  high  average  current,  cw 
electron  injector  [2]  suitable  for  the  ELBE  project  [3,4]. 
The  injector  is  based  on  a  photocathode  rf  gun  with  a 
superconducting  cavity.  A  half-cell  1.3GHz  super¬ 
conducting  niobium  cavity  incorporated  with  a  normal 
conducting  cathode  unit  was  designed  and  produced  to 
check  the  basic  design  concepts.  Cold  rf  tests  of  the 
cavity  at  T=2K  were  successfully  carried  out  at  DESY 
TTF.  Now  preparation  of  the  necessary  components  for 
the  beam  tests  is  in  progress. 

1  INTRODUCTION 

The  Drossel  collaboration  between  FZR  and  BINP  started 
in  1996.  Recently  more  organisations  jointed  the  collabo¬ 
ration.  The  basic  idea  of  the  project  is  to  combine  high 
brightness  of  an  rf  gun  with  low  rf  losses  of  a 
superconducting  cavity.  A  design  of  a  1.3GHz,  3+1/2 
cell  rf  gun  was  worked  out.  The  geometry  of  the  3  full 
cells  is  based  on  the  TESLA  design  [5]  to  simplify  the 
production.  The  shape  of  the  half  cell  is  optimised.  A 
CsjTe  photocathode  placed  at  the  half  cell  back  wall  will 
be  activated  by  an  ultraviolet  laser.  The  photolayer  will 
be  deposited  on  the  tip  of  an  OHFC  copper  stem  in  a 
special  preparation  chamber.  The  stem  can  be  then 
transferred  to  the  cavity  by  a  manipulator.  It  will  require 
neither  any  vacuum  break  nor  cavity  warm  up  to  change 
the  cathode. 

2  HALF  CELL  PROTOTYPE 

A  prototype  of  the  gun  based  on  a  half  cell  niobium 
cavity  was  developed  to  test  the  design  solutions  and  to 
prove  the  compatibility  of  a  photocathode  and  a  sc  cavity. 

2.1  Design  Considerations 

The  half  cell  cavity  (fig.  1)  is  somewhat  simplified 
compared  to  the  optimum  one  in  order  to  use  an  available 
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Beamllne  Preparation  Chamber  -♦ 


(1)  Niobium  Cavity  (5)  Ceramic  Insulation 

(2)  Choke  Flange  Filter  (6)  Thermal  Insulation 

(3)  Cooling  Insert  (7)  3  Stage  Coaxial  Filter 

(4)  Liquid  Nitrogen  Tube  (8)  Cathode  Stem 

Fig.  1.  Draft  of  1/2  cell  prototype. 

TESLA  endcup.  Some  parameters  of  the  prototype  cavity 
are  listed  in  table  1. 


Table  1.  Prototype  cavity  parameters. 


Material _ 

Cavity _ - 

Cathode  Stem _ 

Operating  Temperature 

Cavity _ 

Cooling  Insert _ 

RF  Parameters _ 

Frequency _ 

Geometry  Factor _ 

WL _ 

Npeak/Ecath 

Lpeak/Lcath _ _ 

'R/Q  =  Ugl 


Niobium  (RRR  >  250) 
OHFC  Copper 


1300MHz 

187.70hm 

120.5Qhm 

2.84mT/(MV/m) 

1.37 


A  key  part  of  the  design  is  a  special  cathode  support 
structure.  The  photolayer  deposited  on  a  copper  stem  will 
operate  at  77K.  All  the  power  dissipated  in  the  cathode 
will  be  removed  by  LN2  neat  exchanger  attached  to  the 
cathode  holder.  The  cathode  holder  is  thermally  and 
electrically  isolated  from  the  sc  cavity  and  so  causes  only 
minimum  additional  heat  load  to  the  cavity  and  He  bath. 
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Rf  power  leakage  from  the  cavity  to  the  cathode  holder  is 
prevented  by  a  niobium  choke  flange  filter  accompanied 
with  a  normal  conducting  coaxial  filter  which  is  a  part  of 
the  cooling  insert. 

2.2  Cavity  Preparation  and  Test  Results 

A  few  micrometers  was  etched  away  from  inner  and  outer 
surfaces  of  the  welded  cavity  at  BINP.  Then  the  cavity 
received  a  rough  chemical  treatment  at  FZR. 
Approximately  100*  was  removed  from  the  inner  surface. 
The  final  preparation  of  the  cavity  to  the  tests,  including 
baking  at  800°C,  light  1:1:2  BCP,  high  pressure  rinsing 
and  clean  room  assembling,  was  done  at  DESY.  Two 
cold  tests  were  carried  out  at  DESY  up  to  date.  In  the 
first  run  the  cavity  was  tested  without  the  cathode  in  it  to 
evaluate  the  achievable  gradient.  A  maximum  surface 
field  of  36.1  MV/m  was  reached  limited  by  field  emission 
(fig.  2).  Because  of  a  very  weak  coupling  during  the  first 
test  the  emitter  could  not  be  processed.  Prior  to  the 
second  test  the  cavity  received  a  light  BCP  and  a  high 
pressure  rinsed  again.  An  uncoated  copper  cathode  stem 

n  Rossendorf  gun  1/2  cell  cavity 
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Fig.  2.  Vertical  test  results. 

was  mounted  directly  to  the  cavity  back  flange  using  a 
special  holder.  In  the  second  test  the  cavity  reached  a 
peak  surface  field  of  43.6MV/m  which  corresponds  to  a 
cathode  field  of  31.8MV/m.  This  time  the  maximum 
field  was  limited  by  a  thermal  break  down  (quench)  at  a 
peak  magnetic  field  of  90.3mT.  The  difference  between 
the  low  field  unloaded  Q  values  is  quite  small,  5-109  to 
4-109,  which  proves  a  very  good  performance  of  the 
choke  flange  filter. 


4  LASER 

Currently  a  pulsed  laser  system  for  activation  of  the 
photocathode  is  under  construction  at  MBI,  Berlin.  The 
laser  is  a  frequency  quadrupled  Nd:YLF  laser  operating 
in  the  ultraviolet  range  at  263nm.  The  laser  shall  provide 
a  full  synchronisation  to  the  cavity  rf  with  a  time  jitter  of 
less  than  3  ps.  A  pulse  length  of  4  to  7ps  is  projected. 
The  laser  is  optimised  for  a  quasi  continuous  operation. 
The  average  output  power  is  1  to  2W.  The  pulse 
repetition  frequency  can  be  chosen  between  46.4MHz 
and  the  next  two  subharmonics. 

5  BEAM  TESTS 


The  next  step  is  to  prepare  all  the  necessary  equipment 
for  the  beam  tests.  The  test  set-up  is  shown  in  fig.  3. 


(1)  Manipulator 

(2)  Preparation  chamber 

(3)  Insulated  input  -  output  LN2 

(4)  Cryo  tower 

(5)  LHe  vessel 

(6)  Magnetic  shield 

(7)  Vacuum  vessel 

(8)  Tuner 

(9)  Gate  valve 


(10)  Faraday  cupy 

(11)  OTR  screen 

(12)  Beam  stop 

(13)  Mirror 

(14)  Laser  input 

(15)  SC  solenoid  lense 

(16)  Niobium  cavity 

(17)  Photocathode 


Fig.  3.  Layout  of  the  beam  test  set-up. 


A  horizontal  cryostat  is  available  from  Stanford 
University.  It  is  quite  suitable  for  our  needs  after  some 
modifications  which  will  be  made  with  help  of  ACCEL. 
The  rf  power  source  will  be  provided  by  FZR.  The  other 
parts,  such  as  manipulator  and  gate  valves,  are 
commercially  available.  The  beam  tests  are  scheduled  to 
the  middle  of  the  next  year. 


3  PREPARATION  CHAMBER 

A  photocathode  preparation  chamber  has  been  designed 
and  manufactured  at  BINP.  First  Cs2Te  photolayers  were 
prepared  and  tested  with  this  chamber  at  FZR.  The  layers 
reached  a  quantum  efficiency  of  9%  at  a  wavelength  of 
260nm.  The  light  source  was  a  Xenon  lamp  with  a 
monochromatic  filter.  The  initial  value  of  the  quantum 
efficiency  decreased  to  6%  within  2  days  and  then  kept 
unchanged  for  the  following  weeks. 
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Abstract 

A  compact  diode-pumped  picosecond  laser  was 
developed  for  the  illumination  of  the  photocathode  of  RF 
guns.  Nd:YLF  and  Nd:YAG  were  selected  as  the  active 
medium  and  the  laser  stability  was  the  main  interest 
during  the  development.  Achieved  performances  were 
0.5ps  timing  jitter  in  the  oscillator,  l-%  UV  pulse  energy 
fluctuation  and  5prad  beam  pointing  stability. 

1  INTRODUCTION 

A  reliable  and  compact  picosecond  UV  light  source  is 
the  key  requirement  for  the  stable  operation  of  RF  guns. 
The  improvement  of  the  beam  quality  may  benefit  the 
ultra-short  pulse  X-ray  generation  by  Thomason  scattering 
[1].  As  the  high  brightness  electron  source  and  the  high 
peak  power  laser  develop,  the  laser  Thomson  X-ray  source 
becomes  more  realistic  [2].  We  have  been  developing  a 
photocathode  RF  gun  [3]  and  an  all-solid-state  picosecond 
compact  laser  for  the  photocathode  [4],  The  laser  stability, 
e.g.,  energy  stability,  timing  stability  and  the  pointing 
stability,  was  requested  stringently  during  the  course  of 
the  research.  A  compact  and  stable  laser  system  was 
developed  by  a  joint  project  with  Sumitomo  Heavy 
Industries,  Ltd  and  Time-Bandwidth  Products  Ltd. 

In  this  paper,  the  research  and  the  system  performance 
are  reported  on  the  Nd:YLF  all  solid  state  picosecond 
laser.  Additionally  to  the  laser  system,  a  pulse 
compression  and  an  oblique  incidence  optical  system  are 
also  reported. 

2  LASER  SYSTEM 

The  laser  system,  which  was  shown  in  Fig.l,  was 
composed  of  a  passive  mode-locked  oscillator  with  a 
timing  stabilizer,  a  regenerative  amplifier  and  a  frequency 
conversion  part.  Some  photo-diodes  were  equipped  for 
diagnostics  and  monitors.  Optical  elements  were  fixed  on 
a  breadboard  of  Invar  plate  with  1000x600mm  dimension, 
to  avoid  thermal  misalignment.  A  controller  box,  which 
was  composed  of  power  supplies  for  diode-lasers,  high 
voltage  circuits  for  Pockels  Cells,  timing  stabilizer  circuits 
and  so  on  were  installed  near  the  laser  box. 


2.1  Oscillator 

The  seeding  laser  was  a  passive  mode-locked  laser 
with  a  semiconductor  saturable  absorber  mirror  (SESAM). 
Repetition  rate  of  the  mode-locked  pulse  was  determined 
by  the  length  of  the  cavity.  79.34MHz-repetition  rate  was 
equal  to  1/36  of  2856MHz  S-band  radio  frequency,  which 
was  used  for  the  photocathode  RF  gun.  The  cavity  length 
was  controlled  to  be  synchronised  with  79.34MHz 
repetition  frequency.  The  timing  stabilizer  measured  the 
phase  and  the  frequency  offset  between  the  laser  pulses, 
which  was  detected  by  a  photo-diode,  and  the  reference 
RF  signal,  and  adjusted  the  cavity  length  to  maintain  the 
constant  phase  relation  between  two  signals.  The  system 
adjusted  the  cavity  length  with  a  piezoelectric  transducer 
for  a  small  cavity  length  change,  and  with  a  motor  moving 
stage  to  cover  0.1  MHz  wide  range  change. 

2.  2  Regenerative  Amplifier 

A  Pockels  Cell  captured  a  single  seed  laser  pulse  to 
increase  the  pulse  energy  from  sub-nano-Joule  to  mJ 
range,  and  released  the  amplified  single  pulse  from  the 
regenerative  amplifier  cavity.  The  temperature  change  of 
the  Pockels  Cell  crystal  was  the  main  source  of  the 
amplitude  fluctuation.  Water  cooling  of  the  Pockels  Cell 
was  introduced  to  achieve  the  pulse  energy  stability. 

2.  3  Harmonics  Generator 

This  component  converted  the  fundamental  output  to 
the  4-th  harmonics,  which  was  necessary  for  the 
illumination  of  the  photocathode,  with  KTP  and  BBO 
crystals.  The  temperature  of  crystals  was  also  controlled  to 
stabilize  the  frequency  conversion  efficiency.  The  net 
conversion  efficiency  was  close  to  10%  from  the 
fundamental  to  the  4-th  harmonics.  The  UV  energy  was 
obtained  up  to  200|iJ  depending  on  the  choice  of  the 
operational  condition.  The  UV  output  energy  was 
controlled  with  a  rotational  half  wave  plate  and  a  thin  film 
polarizer  by  a  remote  controller  to  change  the  emission 
electron  charge  from  the  RF  gun. 
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3  LASER  PERFORMANCE 

3.1  Energy  and  Pulse  length 

The  UV  pulse  energy,  which  was  quadrupled  from  the 
fundamental  of  1053nm  wavelength,  was  measured  to  be 
around  200pJ.  The  energy  on  the  cathode  surface  was 
requested  to  be  around  50pJ  to  obtain  InC  bunch  charge  in 
the  condition  of  the  quantum  efficiency  of  1x10"*.  There 
could  be  energy  delivery  loss  in  the  laser  injection  optical 
system  where  laser  beam  was  shaped  by  an  iris  and 
reflected  by  a  grating,  but  the  UV  pulse  energy  seemed 
enough  for  the  requirement  after  accounting  the  delivery 
loss.  The  pulse  duration  of  the  fundamental  part  was 
measured  as  12  ps  by  a  single  scan  auto-correlator.  The 
UV  pulse  duration  was  estimated  as  around  6ps. 

3.2  Stability 

UV  energy'  stability  was  measured  for  10,000  shots 
and  over  hours.  Energy  was  detected  by  a  photo-diode  for 
10,000  shots  and  by  a  power  meter  for  over  hours, 
respectively.  The  histogram  of  energy  deviation  from  the 
meap  value  was  shown  in  Fig.2.  Energy  fluctuation  was 
estimated  to  be  0.55  %rms.  Long  term  UV  pulse  energy 
stability  over  hours  was  also  measured.  As  a  result,  UV 
averaging  energy  was  stable  within  +/-  2%,  except  2-5 
minutes  of  warming  time  from  the  switch-on. 

The  timing  jitter  of  the  laser  oscillator  was  estimated 
from  the  output  of  the  phase  detector  in  the  feedback  loop 
[5].  A  phase  detector  measured  the  phase  difference 
between  the  fast  photodiode  signals  of  laser  pulse  and  the 
reference  RF  signal,  and  generated  an  “error  signal”.  This 
phase  difference  was  related  to  the  timing  jitter  between 
the  laser  phase  and  the  reference  RF  phase.  The  timing 
jitter  of  the  oscillator  was  estimated  as  0.39ps  rms. 

The  pointing  stability  of  UV  output  pulse  was  measured 
by  a  CCD  camera.  UV  beam  profiles  were  measured  on  a 
diffuser  plate  at  1.5m  away  from  the  laser  output  port. 
Beam  profile  was  shown  in  Fig.3.  Pointing  stability  of  the 
beam  centroid  was  estimated  to  be  5  prad  rms. 

The  specification  and  the  laser  performance  are  listed  on 
Table  1. 

4  OPTICAL  SYSTEM 

4.1  Pulse  compression 

The  duration  of  the  fundamental  pulse  was  about  12ps. 
We  have  developed  a  pulse  compression  device  to  obtain 
shorter  pulse  duration  from  the  laser  system.  The  pulse 
compression  system  was  composed  of  a  single-mode 
optical  fiber  of  450m  length  and  a  pair  of  gratings  with 
1800G/mm  groove  density.  As  the  first  step,  the  output 
from  the  fiber  was  compressed  directly  with  the  gratings 
without  an  amplifier  to  evaluate  the  optical  fiber 
characteristics.  A  Nd:YLF  oscillator  with  longer  pulse 


length  of  24ps  was  used  for  this  experiment.  The  relation 
between  the  input  energy  to  the  fiber  and  the  pulse 
duration  was  measured.  The  pulse  length  measured  by  a 
scanning  auto-correlator  is  shown  in  Fig.4. 

4.2  Delivery  system  of  oblique  injection 

In  many  cases,  the  laser  beam  was  injected  onto  the 
cathode  surface  at  an  oblique  angle  with  p-polarization, 
because  the  quantum  efficiency  was  known  to  be 
enhanced  by  a  factor  of  three  in  comparison  with  one  at 
normal  incidence.  There  are  two  problems  in  this 
configuration,  namely  the  prolonged  beam  shape  and  the 
arrival  time  difference  between  the  beam  edges  on  the 
cathode  surface.  We  designed  a  correction  beam  delivery 
system.  Laser  beam  was  cut  to  be  flat  top  shape  with  an 
iris.  Image  at  the  iris  was  translated  to  the  cathode  surface 
by  an  image  relay  method.  In  this  optical  system,  the 
transverse  beam  shape  was  made  to  be  ellipse  with  four 
littrow  prisms  and  the  longitudinal  beam  shape  was  made 
to  be  tilt  with  a  grating.  In  this  way,  beam  shape  was 
circle  with  near  flat  top  and  beam  pulse  duration  was  kept 
to  be  the  same  as  one  of  laser  output  at  the  cathode 
surface.  The  beam  profile  measurement  by  a  CCD  camera 
was  carried  out,  and  the  image  relay  system  was 
confirmed  to  work  as  was  designed  We  have  a  plan  to 
check  the  longitudinal  beam  shape  with  a  streak  camera. 

5  CONCLUSION 

The  all-solid-state  picosecond  UV  source  has  been 
developed  based  on  the  laser  diode  pumping,  the  passive 
mode-locked  oscillator  with  SESAM  and  the  feedback 
timing  stabilizer.  Invar  breadboard  and  water  cooling  of 
thermal  components  prevented  thermal  misalignment  of 
optical  components.  The  laser  performance  was  quite 
stable  for  the  reliable  photocathode  RF  gun  operation. 

This  work  was  supported  by  the  New  Energy  and 
Industrial  Technology  Development  Organization 
(NEDO)  in  Japan. 
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Table.l  Laser  Performance 


Wavelength(UV) 

263nm 

Oscillator  Frequency 

79.34MHz 

Oscillator  Frequency  Adjustable 
Range 

0.01MHz 

Energy(UV) 

0.2mJ 

Repetition  rate 

1-lOOHz 

Pulse  width  (fundamental) 

12ps 

Timing  jitter  for  oscillator 

0.39ps  rms. 

Beam  profile 

TEM^ 

Pointing  stability 

5(irad 

Energy  stability(UV,  hours) 

<2% 

Energy  Stability (UV,10000shots) 

0.55%rms 

Rotary  Thii-£Qn 
m  ount  polarizer 


Fig.l  Layout  of  the  Picosecond  Nd:YLF  laser  system 


D  ifference  from  m  ean  value  (%  ) 


Fig  3  Beam  profile  of  UV  pulse 

Beam  diameter  is  about  3.5mm  at  FWHM 


Tin  efc>s) 


Fig.4  The  relation  between  the  input  energy  to  the  fiber 
and  the  pulse  length 

The  output  from  the  fiber  was  compressed  directly 
with  gratings  without  amplifier.  These  data  were 
measured  by  a  scanning  auto-correlation. 


Fig.2  Histogram  of  UV  energy  fluctuation  for  10000  shots 
( a=0.55%) 
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Abstract 

RF  photoinjectors,  the  present  source  of  choice  for 
production  of  ultra-high  brightness  electron  beams,  have 
two  basic  design  types:  split,  in  which  a  short,  high 
gradient  rf  gun  is  followed  by  a  a  drift  and  a  booster  linac, 
and  a  lower  gradient  integrated  photoinjector,  in  which  the 
linac  acceleration  is  connected  directly  to  the  gun.  The 
first  type  is  represented  at  UCLA  by  the  Neptune 
photoinjector,  the  second  by  the  newly  constructed  S-band 
PWT  photoinjector.  We  examine,  through  simulation 
and  theory,  the  relative  merits  of  each  type  of  injector, 
both  from  the  point  of  view  of  the  beam  physics  (ability  of 
the  source  to  produce  high  currents  and  low  emittances), 
and*of  relativetechnical  advantages. 


1  PHOTOINJECTOR  TYPES 

The  rf  photoinjector  is  a  photoelectron  source  embedded 
in  a  high-gradient  rf  accelerating  cavity  system  which 
produces  high  peak  current,  low  emittance,  short  pulse 
electron  beams.  These  beams  find  application  in  radiation 
production  (SASE  FELs,  Compton-scattering  sources),  as 
well  as  advanced  accelerator  applications  (linear  collider 
development,  ultra-low  emittance  test  beams,  high  current 
drivers  for  wake-field  accelerators). 

The  photocathode  “gun”  region  is  followed  by  a 
transverse  focusing  element  (usually  a  solenoid),  which 
aids  in  beam  size  and  emittance  control.  It  additionally 
must  be  post-accelerated  to  bring  the  beam  to  a  usable 
energy,  and  to  mitigate  space-charge  effects.  This  acceler¬ 
ation  is  accomplished  in  a  booster  linac,  which  may  be 
physically  separated,  or  integrated  into  the  same  rf 
structure  as  the  gun.  These  two  configurations,  termed 
split  and  integrated  photoinjectors,  are  displayed  in  Figs.  1 
and  2,  respectively.  The  two  devices  shown  are  both  in  use 
at  UCLA. 

The  first  is  the  Neptune  photoinjector[l],  a  device 
dedicated  fundamental  beam  physics,  as  well  as  injection 
into  advanced  short-wavelength  accelerator  experiments, 
such  as  the  plasma  heatwave  accelerator^].  The  Neptune 
photoinjector  consists  of  a  1.6  cell  high  gradient  2856 
MHz  rf  gun[3]  derived  from  a  family  of  guns  developed 
originally  at  BNL,  followed  by  90  cm  of  drift  and  a  post¬ 
acceleration  plane- wave  transformer  (PWT)  linac[4]. 
Because  ultra-short  pulses  are  at  a  premium  in  this  lab,  a 
magnetic  chicane[5]  for  pulse  compression  is  added  after 


the  acceleration  in  the  PWT  linac  from  5  to  over  15  MeV. 
Pulse  compressionof  this  sort,  albeit  at  higher  energies,  is 
a  common  feature  of  ultra-short  wavelength  SASE  FEL 
designs. 


1.6  cell  gun  PWT  linac 


Figure  l.The  UCLA  Neptune  photoinjector  with  1.6  cell 
gun,  focusing  solenoids,  5  MeV  transport  section  and 
PWT  linac. 

The  integrated  photoinjector,  which  can  be  recognized 
as  the  original  LANL  design  archetype,  is  represented  at 
UCLA  by  the  PWT  photoinjector,  a  10+2/2  cell  2856 
MHz  device  shown  in  Fig.  2.  It  operates  at  roughly  the 
same  acceleration  gradient  (60  MV/m  peak)  as  the  PWT 
linac  in  the  Neptune  injector,  which  is  one-half  the 
acceleration  gradient  of  the  1.6  cell  gun  at  Neptune.  Thus 
the  PWT  injector  can  be  considered  a  relatively  low 
gradient  device. 


Figure  2.  The  UCLA/DULY  PWT  photoinjector,  showing 
rf  structure  and  compact  focusing  solenoid. 

Both  of  the  UCLA  devices  have  been  proposed  as 
ultra-high  brightness  injector  candidates  for  driving  the 
LCLS  x-ray  FEL.  While  a  number  copies  of  the  1.6  cell 
gun  have  been  fabricated  and  are  now  being  employed,  its 
ultimate  performance  is  not  known.  Likewise,  the  PWT 
photoinjector  is  only  now  approaching  commissioning, 
with  no  experimental  data  to  verify  its  utility  as  a  high 
brightness  injector.  Since  we  cannot  rely  on  experimental 
studies  to  evaluate  the  prospects  for  each  of  these  sources, 
we  undertake  here  a  critical  compuational  and  theoretical 
comparison  of  the  expeceted  performances  of  the  devices. 
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2  PHOTOINJECTOR  BEAM  PHYSICS 

The  analysis  and  design  of  rf  photoinjector  sources  for 
peak  brightness  — short  pulse,  high  charge,  and  low 
emittance  — entail  a  working  understanding  of  many 
aspects  of  beam  physics.  We  now  give  a  cursory 
discussion  of  the  physics  of  these  beams,  which  are 
dominated  by  space-charge  and  violent  acceleration 
effects. 

The  longitudinal  dynamics  in  an  rf  photoinjector  are 
characterized  by  violent  acceleration.  This  is  due  to  two 
effects:  the  need  to  mitigate  detrimental  space-charge 
effects,  and  the  requirement  that  the  beam  be  captured  in 
the  rf  wave  within  the  initial  cell  of  the  standing  wave  rf 
cavity.  This  can  be  quantified  by  defining  a  unitless 
parameter  which  must  exceed  approximately  unity[6] 


- - £fil-2=72l>' 

lkRFmec  kRF 


(1) 


This  parameter  allows  a  classification  of  injector  types: 
high  gradient  injectors  have  «  =  1.5-2i,  whereas  the 
lowest  gradient  injectors  operate  with  a  =  1 .  In  split 
injectors,  beams  will  typically  suffer  degradation  in  the 
inter-accelerator  drift  unless  they  are  run  at  high  gradient 
(a  =  2  at  Neptune).  On  the  other  hand,  the  space-charge 
dynamics  of  beams  in  integrated  photoinjectors  is 
optimized  for  low  gradients  (a  -l  for  PWT). 

The  peak  current  at  injection  (leaving  the  cathode 
surface)  is  I  =  Q/il2n(Jt .  This  current  tends  to  be 
enhanced  by  the  longitudinal  focusing  of  the  rf  gradient  at 
injecetion,  and  be  diminished  by  the  longitudinal 
defocusing  due  to  space-charge.  Both  of  these  effects  are 
asserted  only  close  to  the  cathode.  A  one-dimensional 
Hamiltonian  theory  has  been  re4cently  developed  to 
analyze  these  effects,  with  the  result  that  the  pulse 
compression/expansion  factor  is  expected  to  be 


d<pf  2sin(^0)  - <p0  •  fcos(^)—  8'] 
d<t>0  l+sin($>) 


Here  is  the  phase  at  injection,  and 

s>  _  =  1 
e^OkRF  a 


(3) 


with  rib  defined  as  the  beam  density  expected  with  no 
phase  compression  or  expansion. 

Note  that  for  low  a ,  is  smaller,  as  the  bunch  slips 
more  in  phase  while  accelerating  to  a  final  optimum  phase 
<pb  =  n/2,  which  Eq.  2  indicates  tends  to  compress  the 
bunch.  On  the  other,  hand  Eq.  3  predicts  that  the  pulse 
lengthening  due  to  space-charge  is  enhanced  by  running  at 
for  low  a.  In  order  to  understand  how  these  effects 


compete,  we  must  first  examine  the  role  of  the  plasma 
wave-number  kp  in  photoinjectors. 

Violent  acceleration  carries  with  it  large  transverse 
forces,  which  for  an  accelerator  cavity  terminate  on  a 
conducting  (cathode)  plane,  gives  a  net  first  order  kick  to 
an  off-axis  accelerating  particle.  Further,  this  kick  is  rf 
phase  dependent,  and  thus  for  a  finite  pulse  length  beam, 
an  effective  “rf  ’  emittance  is[6] 

£rf  ~  Y^rf^I  “  ccklpa]  a\ .  (4) 

The  first  order  rf  kick  can  be  thought  of  as  originating 
at  the  end  of  the  structure.  All  other  irises  in  the  rf 
structure  have  a  balance  in  first  order  inward/outward 
kicks,  but  have  a  second  order  alternating  gradient 
focusing  (of  strength  <*  y'  )[7].  The  combined  effect  of 
the  rf  focusing  can  be  included  in  envelope  and  matrix 
treatments  of  the  beam  dynamics.  The  analytical  model 
has  been  recently  verified  experimentally [8]. 

The  rf  emittance  is  much  more  of  a  problem  in  the  split 
injector  than  in  the  integrated  case,  because  the  rf  kick 
giving  rise  to  this  effect  occurs  when  the  beam  is  large,  at 
the  end  of  the  second  cell,  where  the  solenoid  has  not  yet 
focused  the  beam.  In  the  integrated  case,  the  beam  is 
generally  small  at  the  structure  exit,  and  therefore  the  rf 
kick  is  diminished  and  the  emittance  contribution  is 
negligible. 

Photoinjector  beams  are  generally  space-charge 
dominated,  meaning  that  the  envelope  dynamics  are 
driven  by  space-charge  forces,  and  not  emittance 
“pressure”.  The  space-charge  effects  give  rise  to  plasma 
oscillations  about  an  externally  imposed  (solenoid  and  rf 
focused)  equilibria  (the  invariant  envelope[9]).  This 
plasma  behavior  in  turn  gives  rise  to  emittance  oscillations 
due  to  the  fact  that  different  longitudinal  “slices  of  the 
beam  oscillate  about  different  equilibria.  After  an  integer 
number  of  plasma  oscillations,  the  beam  slices  are 
realigned  in  phase  space,  and  the  emittance  is 
“compensated”. 

The  plasma  picture  of  the  beam  dynamics  has  allowed 
the  development  of  laws  for  taking  an  optimized  photo¬ 
injector  design  and  scaling  it  to  a  different  charge  or  rf 
wavelength!  10],  Since  we  are  comparing  two  different 
devices  at  the  same  rf  wavelength,  we  only  need  to  discuss 
here  the  charge  scaling  at  a  given  rf  wavelength.  In  this 
case,  we  simply  require  that  the  beam  rib  density  is 

constant,  and  thus  the  beam  dimensions  scale  as 
1  /3  rn| 

<7,  Q  .  This  dependence  gives  emittance  scaling  as 

*„-Vae*'s+ie"!-  (5) 

where  the  first  term  is  due  to  space-charge,  with  constant 
a  proportional  to  kpn  /  a3 ,  and  the  second  term  is  due  to 
rf  and  chromatic  effects.  The  highest  brightness  beams 
are  created  at  lowest  charge,  where  the  emittance  is 

2/3  3/2 

mainly  due  to  space-charge,  and  thus  £„  «kp  la 

All  dependences  of  brightness  can  thus  be  understood 
when  we  assert  that  the  plasma  wave-number  must  scale 


2040 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


as  the  acceleration  rate,  kp  <*a .  For  a  given  charge  Q  this 
implies  that  the  relative  pulse  lengthening  is  diminished 
for  low  a .  Also,  at  a  constant  Q,  the  emittance  will  scale 
as  £x  «  a~5/  6 . 

These  predictions  were  tested  in  scaling  comparisons  of 
both  optimized  performance  of  the  Neptune  and  PWT 
photoinjectors  using  the  simulation  code  PARMELA.  The 
behavior  of  the  final  rms  bunch  length  is  shown  for  these 
cases  in  Figs.  3  and  4,  along  with  the  “launched”  rms 
bunch  length  cT,  and  the  predictions  of  Eq.  2.  The 
PARMELA  results  show  excellent  agreement  with  theory. 
It  is  seen  that,  while  the  beam  launched  beam  is  longer  in 
the  PWT  (9.8  psec  FWFM)  than  in  Neptune  (6  psec),  that 
the  beam  compresses  in  the  low  a  PWT,  while  expanding 
in  the  1.6  cell  gun,  leaving  the  achievable  current  in  both 
cases  nearly  identical.  The  expansion  in  the  split  injector 
is  potentially  troublesome  (it  can  be  enhanced  by  the 
cathode  emission  nonuniformities),  and  has  been  observed 
in  initial  1.6  cell  gun  tests  at  BNL. 


£ 

£ 


Neptune  case 
Fit  to  data: 


PARMELA 

-cl 

--Theory 


ct  =0.63*Q 


1/3 


Q  (nC) 

Figure  3.  Neptune  photoinjector  bunch  length  vs.  charge. 


Q  (nC) 


Figure  4.  PWT  photoinjector  bunch  length  vs.  charge. 

The  simulated  behavior  of  the  beam  emittances  as  a 
function  of  charge  are  shown  in  Figs.  5  and  6  for  our  two 
cases.  It  can  be  seen  that  for  the  high  a  split 
photoinjector  that  both  the  contribution  to  the  emittance 
due  to  space-charge  and  rf  effects  is  smaller  than  for  the 
integrated  case.  At  one  nC,  the  Neptune  photoinjector  is 
expected  to  give  normalized  (rms,  using  90%  of  the  beam) 
£x  =  0.62  mm-mrad,  while  the  PWT  injector  is  expected 
to  give  £x  =1.16  mm-mrad,  which  is  a  ratio  of  1.87, 
which  compares  well  with  the  predicted  scaling  ratio  of 
1.78.  Thus  we  conclude  that  for  the  nominal  application  of 


creating  an  ultra-high  brightness  beam  that  the  split 
photoinjector  is  better  at  1  nC  in  S-band  by  a  factor  of  3. 

These  conclusions  are  modified  by  practical 
considerations  if  one  allows  a  different  choice  of  rf 
wavelength  in  the  design.  It  has  been  shown  that  the 

9 

brightness  of  a  source  scales  as  kRF ,  which  implies  that 
one  should  scale  the  photoinjector  to  higher  rf  frequency. 
This  can’t,  due  to  engineering  constraints,  be  done  for  the 
split  injector,  and  thus  recent  work  on  ultra-high  bright¬ 
ness  high  kRF  sources  has  focused  on  integrated  systems. 


Q  (nC) 


Figure  5.  Neptune  photoinjector  emittance  vs.  charge. 


Figure  6.  PWT  photoinjector  emittance  vs.  charge. 
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Abstract 

A  general  multipole-based  formalism  to  study  the  effects 
of  RF  asymmetries  on  the  production  of  ultra-high 
brightness  beam  is  presented,  which  employs  both 
analytical  and  computational  techniques.  These  field 
asymmetries  can  cause  the  degradation  of  beam  emittance 
due  to  time  dependent  and  nonlinear  focusing  effects.  Two 
cases  of  interest  are  examined:  the  dipole  asymmetry 
produced  by  a  coupling  slot  in  a  standard  high  gradient  if 
gun,  and  the  higher  multipole  content  introduced  by  the 
support/cooling  rods  in  a  PWT  structure.  Practical 
implications  of  our  results,  as  well  as  comparison  to  cold 
test  and  beam-based  experimental  tests,  are  discussed. 

1  RF  FORCE-DERIVED  EMITTANCE 

In  a  high  gradient  rf  photoinjector,  the  necessity  of  using 
violent  longitudinal  acceleration  also  implies  the  existence 
of  large  transverse  forces.  These  forces  are  time-dependent, 
and  may  be  nonlinear  or  non-axisymmetric  as  well.  All  of 
these  attributes  can  give  rise  to  transverse  emittance 
growth.  Time  dependent  monopole[l]  and  dipole[2]  fields 
can  cause  correlations  between  the  beam’s  transverse  and 
longitudinal  phase  spaces,  which,  while  not  contributing 
to  the  so-called  slice  emittance.  (the  transverse  emittance  of 
a  narrow  longitudinal  slice  of  the  beam),  can  increase  the 
total  projected  transverse  emittance.  We  shall  discuss  the 
relationship  between  these  emittance  contributions  and  the 
Panofsky-Wenzel  theorem,  as  well  as  observations 
verifying  the  conclusions  we  reach  from  this  analysis. 

Nonlinear  fields  have  typically  been  considered  in  the 
context  of  the  axisymmetric,  non-synchronous  spatial 
harmonics  of  the  rf  field.  In  this  paper,  we  examine  the 
contribution  to  synchronous  rf  multipole  fields  to  the 
emittance,  and  analytically  estimate  the  amplitude  of  these 
multipoles  for  rf  structure  types  of  interest.  We  compare 
the  analytical  estimates  with  experimental  evidence  and 
computer  simulations. 

2  PANOFSKY-WENZEL  THEOREM 

As  cavities  are  designed  first  and  foremost  to  accelerate,  it 
is  of  interest  to  relate  the  longitudinal  acceleration  which 
is  imparted  to  a  given  particle.  This  is  accomplished  by 
an  updated  version  of  the  Panofsky-Wenzel  theorem[3],  in 
which  we  take  into  account  the  fact  that  the  electrons 
which  are  accelerated  from  rest  starting  from  a  point  (a 
photocathode)  where  the  field  is  not  zero.  The  Panofsky- 
Wenzel  theorem  explicitly  assumes  in  its  derivation  that 


the  particle  experiencing  Lorentz  forces  in  the  rf  cavity 
environment  moves  parallel  to  the  axis  at  constant 
velocity.  The  approximation  of  constant  velocity  is  as 
badly  violated  as  can  be  close  to  the  photocathode,  but  in 
this  region  there  are  few  transverse  forces.  Thus  the 
application  of  the  theorem  is  still  reasonable  in  this  case. 

Our  version  of  the  Panofsky-Wenzel  theorem  gives 
the  integrated  transverse  and  longitudinal  momentum 
“kicks”  in  terms  of  the  components  of  the  rf  vector 
potential  A 

A p±  =  -  J  dz+  j  V LA  dz  ,  and  (1) 
CU  *i 

Apz  =—  j^-dz,  with  £  =  z~ct.  (2) 

cl  z,  dQ 

The  first  term  in  Eq.  1  vanishes  because  it  is  a  perfect 
differential,  and  the  transverse  components  of  the  vector 
potential  vanish  at  the  cathode,  and  outside  of  the  cavity. 
Thus  we  have  the  relation 

^l  =  V±(Apz).  (3) 

We  consider  a  multipole  standing  wave  field  with  a 
sinusoidal  dependence  of  the  phase  on  distance  away  from 
the  power  coupler, 

Ez  =  £osin(<yf-?cvy  +  0ojcos(fe)  £anr"  cos (n$)  (4) 

«=0 

The  asymmetry  term  inside  of  the  sine  function  is  the 
phase  asymmetry  due  to  power  flow  (finite  Q  effect),  and 
the  series  expansion  is  the  multipole  content  of  the  mode 
fields.  The  vector  potential  associated  with  Eq.  4  is 

Az  =—cos[ax-Kyy  +  00)cos(kz)^anrn  cos (n<j>).  (5) 

3  POWER  FLOW  EFFECTS 

To  isolate  the  transient  power  flow  component  of  the 
acceleration,  we  use  only  the  lowest  multipole  component 
field,  to  arrrive  at  longitudinal  momentum  gain  in  a  gun 
of  length  Lg  of  approximately 
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Apz  = 


eE0L„ 


2c 


-cos 


(K~Kyy) 


_  eE0Lg 


2c 


1  (A <t>f  M2 


,  A<t>  =  *A£.  (6) 


The  transient  power  flow  wave  number  can  be  estimated 
as  Ky  =  k/Q,  where  Q  is  the  unloaded  quality  factor, 
which  is  of  order  104.  Thus  for  reasonable  beam  size 
parameters,  the  effect  of  the  power  flow  can  be  neglected. 


4  MULTIPOLE  FIELDS 

4.1  Monopole  effects 

For  the  monopole  component  of  the  field,  with 
normalization  a0  =  l,  the  acceleration  is  independent  of 
transverse  offset  (e.g.  y ),  and  the  transverse  emittance 
growth  for  a  beam  with  a  uniform  density  distribution 
propagating  near  the  peak  acceleration  phase  is 

£ny  =  ?^{y2){y'2)-{yyf 


This  is  the  rf  emittance  contribution  first  analyzed  by 
Kim[l],  and  can  be  mitigated  by  keeping  the  beam  sizes 
small. 


Pz{y)c  =  eE0Lg{\  +  axylk).  (10) 

If  one  measures  this  asymmetry,  then  one  can  determine 
at ,  and  the  expected  emittance  growth  due  to  dipole  kicks 
can  be  estimated.  This  was  done  on  a  1.5  cell  gun 
obtained  from  BNL  at  UCLA[4],  with  a  view  of  the 
momentum  spectrometer  shown  in  Fig.  1.  Here  the 
particles  at  larger  y  (actually  at  large  x  in  the  gun,  as  the 
focusing  solenoid  provides  a  nearly  90  degree  rotation)  ate 
seen  to  have  a  smaller  momentum  in  the  spectrometer. 


Figure  1.  Electron  beam  (green)  image  in  focal  plane  of 
spectrometer,  with  smaller  energy  electrons  at  larger  y. 


4.2  Dipole  effects 

The  lowest  significant  order  asymmetry  has  traditionally 
arisen  from  the  existence  of  a  coupling  slot  on  one  side 
(in  y  )of  the  cavity.  In  the  first  1.5  cell  BNL  designed  S- 
band  gun,  the  coupling  was  in  both  cells,  and  thus  initial 
condition  on  the  transverse  vector  potential  is  Ay=  0 , 
giving  a  transverse  momentum  kick  of 

<*> 

This  phase  dependent  dipole  kick  gives  rise  to  an  effective 
projected  emittance 


eE0  — 

£n,y=Tia'Lsayaf 

2  m,c 


(9) 


According  to  the  Panofsky- Wenzel  theorem,  the  transverse 
momentum  kick  is  accompanied  by  an  acceleration  which 
is  dependent  on  the  offset  of  the  electron  in  y. 


From  this  image,  and  knowledge  of  the  bunch  size 
and  length,  it  was  deduced  that  the  gun  dipole  asymmetry 
contributed  3.5  mm-mrad  to  the  normalized  rms 
emittance.  The  low  charge  vertical  emittance  in  this  gun 
was  measured  to  be  5  mm-mrad,  most  of  which  came  not 
from  the  more  familiar  monopole  effects,  but  from  rf 
dipole  components.  This  is  partially  due  to  the 
overcoupling  of  the  device  (/J  =  1.6);  the  coupling  slots 
were  anomalously  large,  and  the  dipole  component  of  the 
rf  field  was  larger  than  necessary.l 

4.3  Higher  multipole  effects. 

In  the  next-generation  rf  guns[Palmer, Colby]  beyond  the 
1.5  cell  BNL  style  model,  several  design  innovations  woe 
implemented,  including  the  coupling  of  external  power 
only  through  the  full  cell,  and  the  use  of  a  dummy  slot 
opposite  to  the  coupling  slot  for  dipole  symmetrization. 
These  schemes  worked  well,  and  have  additionally  been 
supplemented  by  the  use  of  a  race-track  outer  wall 
geometry[5]  to  eliminate  the  quadrupole  components  of 
the  field  left  after  dipole  symmetrization. 

In  the  new  PWT  photoinjector  structure,  under 
development  by  a  UCLA/DULY  Research  collaboration, 
the  structure  is  based  on  disks  which  are  not  connected  to 
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the  outer  wall,  but  are  supported  by  four  rods  (the  cross- 
sections  of  two  are  shown  in  Fig.  2).  The  cell-to  cell 
coupling  in  this  device  is  obtained  through  the  annular 
region  between  the  disks  and  the  outer  wall,  and  can  be 
very  strong,  leading  to  excellent  mode  separation.  The 
external  coupling  is  through  the  outer  wall,  and  is  so  far 
from  the  axis  that  it  does  not  give  rise  to  significant 
dipole  components  of  the  field.  In  fact,  the  rods,  which  are 
relatively  close  the  axis,  give  rise  to  a  dominant  octupole 
field  perturbation. 

We  have  examined  this  perturbation  both  analytically 
and  through  field  simulations.  The  rods  effect  lasts  for  the 
entire  structure,  just  as  the  dipole  component,  and  so  the 
normalized  emittance  in  such  a  long  device  may  be 
impacted  more  severely  than  in  a  short  gun.  All  of  the 
higher  multipole  components  which  have  a  strong  effect 
on  the  beam  will  have  a  speed-of-light  phase  velocity,  and 
thus  have  a  transverse  field  profile  which  obeys  the 
equation  Vj_Ez=  0  with  solutions  as  in  Eq.  4.  The 
boundary  conditions  for  the  situation  with  the  rods  may  be 
approximated  as  the  field  being  constant  at  the  rod  offset 
radius  p ,  but  dropping  to  zero  in  the  region  of  the  rods 
(which  have  radius  b).  Fourier  analysis  of  this  rectangular 
profile  in  <p  gives  the  ratio  of  the  octupole  to  monopole 
components  of  the  field, 

«4  _  2sin(4 b/p) 

ao  p\{Mlp)-n) 


Figure  2.  S-band  PWT  photoinjector  cross-section,  with  2 
support/cooling  rods  showing. 

For  the  S-band  PWT  linac,  Eq.  1 1  gives  aA/a0  =  10-3 
cm  ~4 ,  while  the  GdfidL  3-D  field  simulations  shown  in 
Fig.  3  give  a4/a0  =  1.3x1 0~3  cm-4,  which  is  good 
agreement  for  so  rough  of  a  model. 

The  effect  of  the  octupole  component  on  the  emittance 
in  this  device  can  be  estimated  as 

-v/3  4 

£n’>=l4  Yfa*°yaz’  (12) 

where  we  have  written  it  as  proportional  to  the  final 
energy  Y/mec  to  emphasize  that  the  emittance  is  linearly 
dependent  on  the  length  of  the  structure.  For  the  20  MeV 
S-band  PWT  photoinjector  at  UCLA,  oz  =  0.7  mm, 
Oy  =1.5  mm,  and  the  expected  octupole  contribution  to 


the  emittance  is  en  y  =2.3x10  8  m-rad,  which  is  almost 
two  orders  of  magnitude  smaller  than  the  expected 
emittance  due  to  monopole  rf  and  space-charge  effects. 

On  the  other  hand,  for  the  proposed  X-band  PWT 
photoinjector[6]  under  study  by  a  DULY/UCLA/LLNL 
collaboration,  the  rods  must  expand  by  a  factor  of  50% 
relative  to  the  disk  size  in  order  to  provide  adequate 
cooling  water  flow.  In  this  case  Eq.  1 1  gives 
a4/aQ  =  0.15  cm-4,  while  the  beam,  for  1  nC  operation 

(as  in  S-band),  is  smaller  by  a  factor  of  V3  in  all 
dimensions.  In  this  case,  the  expected  octupole 
contribution  to  the  normalized  emittance  is 
en  y  =  2.1xl0~7  m-rad.  This  is  now  significant,  as  it  is 
roughly  20%  of  the  design  monopole  emittance.  In 
addition,  it  implies  that  it  would  be  unwise  to  raise  the 
charge  Q  significantly  in  this  device,  as  this  would  result 

octupole-induced  emittance  scaling[8]  as  Q513 . 


Figure  3.  Calculated  contours  of  constant  Ez  in  S-band 
PWT  at  mid-cell,  from  GdfidL  simulation. 
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Abstract 

Much  of  the  research  and  development  surrounding  the 
effort  to  create  X-ray  FELs  based  on  the  SASE  process 
has  centered  on  the  creation  of  ultra-high  brightness 
electron  beam  sources.  The  sources  for  existing  short 
wavelength  FEL  designs,  which  employ  RF  photoinjector 
technology,  have  all  been  specified  to  contain  1  nC  of 
charge.  We  show,  by  scaling  existing  designs,  that  this 
constraint  causes  the  maximum  beam  brightness  to  be 
found  when  the  rf  wavelength  is  shortened  to  X-band.  If, 
instead  of  holding  the  charge  constant,  we  assume  a 
certain  RF  wavelength  device  and  then  scale  the  charge, 
notable  improvements  in  the  beam  brightness,  and  thus  the 
FEL  performance,  are  found.  Charge  scaling  assumes  that 
the  density  and  aspect  ratio  of  the  beam  stays  constant  as 
the  charge  is  changed.  If  we  relax  the  requirement  of  a 
constant  aspect  ratio  in  order  to  maximize  the  beam 
current  and  brightness  by  shortening  the  beam  pulse,  we 
find  that  the  pulse  lengthening  due  to  space  charge 
eventually  brings  this  effort  to  a  stop.  The  results  of  this 
investigation  and  their  impact  on  SASE  FEL  design  is 
discussed. 

1  PHOTOINJECTOR  SCALING  LAWS 

The  optimization  of  rf  photoinjector  performance  can  be 
can  be  understood  most  straightforwardly  by  the  scaling, 
in  frequency,  and  in  charge,  of  the  beam  dynamics  - 
beams  are  simply  brighter  when  produced  in  the  short  rf 
wavelength,  high  field  environment.  A  strict  scaling  of 
photoinjector  design  parameters  has  been  developed  by 
Rosenzweig  and  Colby[l],  allowing  the  understanding  of 
systematic  variations  of  both  charge  and  wavelength.  The 
scaling  laws  for  maintaining  optimum  operation  of  an  rf 
photoinjector  while  changing  the  rf  wavelength  X  in  the 
design  are  summarized  as  follows: 

1)  The  accelerating  and  focusing  field  amplitudes  must 
scale  as  the  inverse  of  the  wavelength, 

£'ooe'2"1>  Bo  x  X^1 .  (1) 

2)  In  this  change,  the  natural  scaling  of  the  beam 
parameters  is  then 

£T,  °cA,  QocX.  (2) 


This  scaling  rigorously  produces  (including  all  space- 
charge,  rf,  chromatic  and  thermal  effects),  an  emittance 
which  scales  as 

(3) 

Note  that  this  “natural”  wavelength  scaling  implies  that  at 
shorter  wavelength,  the  charge  and  the  bunch  length  both 
scale  downward  as  X ,  yielding  a  design  current  which  is 
independent  of  X.  Thus  the  beam  brightness  scales 
naturally  as 

B  =  —r  oc  /T2  .  (4) 

e; 

If  one  constrains  the  charge  Q  needed  for  a  given 
application,  however,  one  may  not  use  natural  scaling 
alone,  one  must  rescale  the  charge  to  re-obtain  theinitial 
charge  after  first  scaling  naturally  in  wavelength.  This  is 
accomplished  by  keeping  the  beam  density  (proportional 
to  the  beam  plasma  frequency  squared)  constant, 

<r,«e1/3.  (5) 

2/3 

Under  these  circumstances,  current  scales  as  1 «  Q  , 
the  space  charge  contribution  to  the  emittance  follows 
esc  ~Q213,  while  the  rf/chromatic  contribution  scales  as 
oe  Q4/3 .  Assuming  these  two  sources  of  emittance  are 

independent  (which  is  approximately  valid),  the  full 
emittance  then  scales  in  charge  as 

£„=V«e,,J  +i>e''3  •  <6> 

2  SCALING  OF  SPECIFIC  DEVICES 

The  coefficients  a  and  b  in  Eq.  6  are  properties  of  a  given 
type  of  device.  At  UCLA[2],  we  have  developed  two 
types  of  high-brightness  rf  photoinjectors,  a  split 
photoinjector  consisting  of  a  high-gradient  1.6  cell  gun[3] 
followed  by  a  drift  and  a  low  gradient  plane-wave 
transformer  (PWT)  post-acceleration  linac[4],  and  an 
integrated,  low  gradient  device,  the  10+2/2  cell  PWT 
photoinjector[5],  A  direct  comparison  of  the  advantages 
and  disadvantages  of  these  designs  is  given  in  Ref.  6. 

As  scaling  to  short  rf  wavelength  implies  high  fields 
(according  to  Eqs.  1),  the  high  gradient  gun  and  its 
focusing  scheme  cannot  easily  be  scaled.  Thus  we 
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concentrate  on  the  PWT  photoinjector  in  this  paper,  which 
is  now  proposed  as  a  serious  candidate  for  development  at 
short  rf  wavelength. 

The  characteristics  of  the  PWT  photoinjector  have 
investigated  by  computer  simulation  scans  of  charge[6].  It 
is  found  that  for  this  2856  MHz  (X  =  10.49  cm)  device 


with  charge  Q  in  nC  and  rms  normalized  emittance  in 
mm-mrad.  To  obtain  a  full  scaling  of  the  expected 
performance  for  arbitrary  charge  and  rf  wavelength, 
therefore,  we  write  the  emittance  as 


where  Q  is  again  in  nC  and  X  =  A(cm)/10.49.  This 
expression  implies  that  the  emittance  is  optimized  for  a 
certain  charge  at  a  given  rf  wavelength,  as  at  very  short 
wavelength,  the  rf  emittance  asserts  itself  very  strongly, 
and  the  advantages  of  running  at  high  accelerating 
gradient  are  lost.  Differentiation  of  this  expression  with 
respect  to  X 

=  1  =  0.286  (8) 
dX 

gives  an  optimum  PWT  operating  wavelength  of  9.97 
GHz  for  1  nC  operation,  which  is  the  benchmark  charge 
for  SASE  FEL  designs. 

The  simulations  also  give  the  scaling  of  the  bunch 
length  with  charge  at  S-band, 

az  =  0.69  Qm  (mm),  or  o,  =  2.3-  Qu  3  (psec) .  (9) 


Since  the  current  is  not  an  explicit  function  of  the 
wavelength,  the  brightness  for  a  constant  charge  is 
optimized  at  the  same  point  as  the  emittance. 

3  X-BAND  INJECTOR  OPTIMIZATION 

The  PWT  photoinjector  was  first  proposed  as  a  good 
candidate  for  a  scalable  type  of  high-brightness  source 
several  years  ago[7].  In  the  intervening  time,  a 
UCLA/DULY  Research/LLNL-UCD  collaboration  has 


been  investigating  the  physics  and  engineering  issues 
associated  with  this  scaling.  One  of  the  issues  surrounding 
this  project  is  the  choice  of  rf  frequency  between  3  and  4 
times  the  S-band  PWT  (8.56  and  11.42  GHz),  set  by  the 
availability  of  high  power  rf  sources.  Note  that  the 
brightness  is  optimized,  according  to  Eq.  9,  at  a  frequency 
is  directly  between  the  two  X-band  frequencies  we  have 
considered  for  development. 

In  order  to  illuminate  the  possible  differences  between 
the  two  choices  of  X,  as  well  as  the  superiority  of  short 
versus  long  wavelength  operation,  we  plot  of  these 
dependences  are  shown  for  2.856  GHz,  8.6  GHz,  and  11.4 
GHz  operation  below.  The  emittances  and  brightnesses 
shown  in  Figs.  1  and  2  also  include  a  small  contribution  of 
emittance  growth  due  to  multipole  field  errors  in  the  PWT 
(due  to  cooling/disk-support  rods)[8]. 


Q  (nC) 


Figure  1.  Emittances  for  scaled  PWT  photoinjectors  as  a 
function  of  charge. 


Q  (nC) 


Figure  2.  Beam  brightness  for  scaled  PWT  photoinjectors 
as  a  function  of  charge. 

It  can  be  seen  that  the  8.6  and  11.4  GHz  results  are 
nearly  identical  for  1  nC  operation.  Also,  the  beam 
brightness  in  both  X-band  cases  is  better  than  that 
achieved  at  S-band  by  roughly  an  order  of  magnitude. 
Since  the  engineering  problems  (scaling  of  the  solenoid 
field,  cooling  rods,  rf  power  needs,  dark  current  intensity 
at  large  accelerating  fields,  etc.)  associated  with  operation 
at  8.6  GHz  are  smaller  than  those  at  11.4  GHz[9],  the 
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UCLA/DULY/LLNL  development  collaboration  has  dec¬ 
ided  to  proceed  with  work  at  8.6  GHz. 

It  should  be  duly  noted  that  the  operation  of  the  device 
is  better  in  X-band  all  cases  regardless  of  charge  for  any 
high  brightness  beam  case.  It  would  perhaps  be.  better  to 
run  very  high  charge,  low  emittance.  beams  (e.g.  for 
wake-field  accelerator  drivers)  at  long  rf  wavelength, 
meaning  S-  or  even  L-band.  This  is  in  fact  the  case  for  the 
facilities  which  demand  this  type  of  beam  (ANL  at  L- 
band,  CLIC  at  S-band).  For  high  brightness,  lower  charge 
(<2  nC)  beams,  however,  these  scaling  studies  have 
pointed  towards  X-band  as  the  most  promising  direction. 


4  X-BAND  INJECTOR  DEVELOPMENT 

The  UCLA/DULY/LLNL  collaboration  has  completed  a 
Phase  I  SBIR  project,  which  has  analyzed  the  feasibility 
of  constructing  an  ultra-high  brightness  8.6  GHz  photo¬ 
injector  based  on  the  PWT  design  principle.  In  this 
study[9],  the  problems  of  scaling  the  magnetic  field 
(solved  by  use  of  a  permanent  magnet  design)  and  the 
cooling  rod  geometry  (the  effects  of  induced  multipole 
fields  were  understood)  were  addressed.  In  addition,  the 
cold  testing  of  an  11.424  GHz,  10+2/2  cell  device  was 
undertaken  to  show  the  robustness  of  the  cavity  design 
(the  mode  separation  between  the  n-mode  and 
the  1  On/ 11-mode  was  shown  to  be  18  MHz),  and  good 
comparison  to  the  results  of  the  3D  EM  field  simulation 
program  GdfidL  was  demonstrated.  In  the  PWT  design,  in 
order  to  solve  the  problem  of  reflected  power  from  the 
standing  wave  structure  during  filling,  a  split  structure 
which  allows  cancellation  of  reflected  power  has  been 
proposed.  For  more  information  on  this  program,  see  Ref. 
9. 

In  addition,  UCLA  and  SLAC  has  been  exploring  a 
hybrid  design  based  on  a  standing  wave  1.5  cell  gun 
“married”  to  a  travelling-wave  section,  with  external 
coupling  accomplished  through  the  joining  cell.  This 
design  would  eliminate  both  the  cooling  rods  (and  their 
associated  engineering  problems)  as  well  as  the  reflected 
power  associated  with  a  pure  standing  wave  structure. 

With  these  possible  methods  of  scaling  integrated 
photoinjector  technology  to  X-band  operation,  it  seems 
likely  that  beam  brightnesses  which  are  significantly 
higher  than  those  foound  in  today’s  sources  can  be 
achieved.  The  X-band  photoinjector  would  be  an 
important  component  of  the  proposed[10]  ultra-short 
wavelength  SASE  FELs  currently  under  development!  1 1]. 
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Figure  3.  Cold  test  model  (with  outer  wall  removed)  of 
1 1.424  GHz,  10+2/2  cell  PWT  photoinjector. 
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Abstract 

The  beam  position  monitor  system  (BPM)  of  NSRL 
electron  storage  ring  have  a  resolution  of  10  microns 
with  an  accuracy  of  50  microns,  which  is  adequate  for 
beam  position  measurement  and  the  closed  orbit 
correction.  The  paper  describes  both  of  the  BPM  system 
and  the  closed  orbit  measurement. 

1  INTRODUCTION 

The  electron  storage  ring  of  NSRL  of  the  University  of 
Science  and  Technology  of  China  at  Hefei,  P.R.China  is 
a  special  synchrotron  radiation  facility.  It  operates  with 
the  energy  of  800  MeV  and  the  beam  current  of  100- 
300mA.  As  known  to  all  that  the  BPM  system  is  one  of 
key  measuring  equipment  for  advancing  the  quality  of 
beam  current  and  insuring  the  machine  in  normal 
operation.  And  the  BPM  system  of  NSRL  has  constructed 
early  and  its  electronics  have  been  modified  now.  The 
signals  to  noise  ratio  and  the  dynamic  range  of  the 
measurement  have  been  greatly  increase  after  the 
modified  electronics.  The  accuracy  and  the  reliability  of 
the  system  have  been  improved,  which  have  the  accuracy 
of  50|im  and  a  resolution  of  10p.m.  With  the  help  of  the 
system  we  have  finished  the  commission  of  insertion 
devices  of  NSRL  storage  ring  [1],  The  experiments  prove 
that  is  adequate  measurement  of  beam  position  and 
closed-orbit  correction  [2], 

2  THE  BPM  SYSTEM  AND  ITS  SIGNAL 
PROCESSING 


goes  through  the  centre  of  the  pipe  to  simulate  the  beam. 


Figure  1 :  Distribution  of  BPM  along  ring  and 
Single  construction  of  BPM 


The  wire  can  be  moved  inside  the  beam  pipe.  A  home¬ 
made  electronics  circuit  detect  the  induce  voltage  from 
each  pick-up  for  each  position  of  the  wire.  In  the  way, 
two  BPMs  at  the  both  ends  of  beam  pipe  can  be 
Calibrated  simultaneously.  A  computer  recorded  the 
voltage  readings,  and  calculates  the  offset  between  the 
electronic  and  mechanical  centre. 

For  the  25  mapped  data,  a  least  square  method  is  used  to 
calculate  the  coefficients  An.  The  calculation  is  shown 
below  [3]: 

U  =  (v2  -  v,  +  v3  -  v4)/(v!  +  v2  +  v3  +  v4) 

V  =  (v,  -  v4  +  v2  -  v3)/(v,  +  v2  +  v3  +  v4) 


X,  =  ZZa.-ifU,  ~u0  ruv, -v0y,u0  =  u,  u,/  =  1,...,25 

Y,  =  I  Zb'.jjiU, -U -  V0)',V0  =  V,  l,=0, 


make  N=  3 


x  or  y=a  +A(u,  -uQ)+m  -v0)+m  —U0f 


2.1  The  BPM  system  and  Calibration 

The  circumference  of  the  NSRL  electron  storage  ring  is 
66  meter.  The  ring  contains  12  dipole  magnets  and  48 
quadrupole  magnets,  with  27  BPM.  Each  BPM  has  four 
button  type  pick-ups  mounted  in  a  skew  manner  as 
shown  in  Figure  1 .  The  diameter  of  the  button  is  25mm. 
Each  BPM  button  is  welded  to  a  BNC  vacuum 
feedthrough,  which  then  is  welded  to  beam  pipe.  The 
beam  pipes  are  1.8  meter  long  with  BPMs  on  both  ends. 
The  calibration  has  been  done  for  each  BPM.  A  wire 
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+A(y,  -xf +w,  -  w,  ~uy+m  -u0f  ( 1  > 

+m  -uQf<y,  -vj+AQJ,  -U0w,  -v0f  +\<y,  -V0)3 

2.2  The  performance  of  the  signal  processing 
electronics 

The  BPM  system  has  total  108  output  signals.  The 
distribution  of  BPM  in  storage  ring  and  the  structure  of  a 
single  BPM  can  be  see  Fig.  1 .  The  storage  ring  is  divided 
into  four  quadrants.  Each  quadrant  has  5-8  BPMs,  which 
provide  up  to  32  output  signals.  The  multiplexer  system 
has  three  levels.  Each  quadrant  has  a  sub-multiplexer 
(100c 1423  relay  switch)  system.  Each  sub-multiplexer 
system  has  5-8  multiplexer,  which  acquires  4  pick-up 
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signals  (total  16  for  4  quadrants).  These  16  signals  are 
then  delivered  to  the  central  control  room  to  a  higher 
lever  4-multiplexer  system  via  a  long  cable  about  50 
meters.  Each  time,  the  higher  level  system  acquires  4 
signals.  Finally,  one  muliplexer  processes  these  4  signals. 
The  rf  cavity  of  the  storage  ring  has  frequency  of  204 
MHz,  therefore  a  narrow  bandwidth  filter,  which  has  a 
centre  frequency  of  204MHz  with  onlylOMHz  bandwidth, 
is  used  as  first  stage.  This  204MHz  single  frequency 
signal  then  is  sent  to  a  linear  amplifier.  The  signal  again 
goes  through  a  low-pass  filter  and  an  A  to  D  converter. 
The  DC  voltage  reading  is  finally  collected  by  computer. 
The  10MHz  narrow  band  filter  has  greatly  increased  the 
accuracy  and  reliability  of  the  system.  The  block  diagram 
of  the  signal  electronics  circuit  is  shown  in  Figure  2. 


the  block  diagram  of  the  new  detector 


3  ANALYSIS  OF  THE  MEASURING 
RESULT  TO  THE  BPM  SYSTEM 

3.1  Experiment  Result 

We  have  done  a  lot  of  testing  regarding  the  repeatability 
and  reliability  of  the  BPM  system.  The  test  results  show 
that  the  BPM  readings  are  reproducible  in  30|im  and  the 
biggest  deviation  of  beam  position  (x  and  y )  was  below 
50pm  with  beam  current  reducing  from  150mA  to  68mA 
during  10  hours.  This  also  shows  that  it  has  little 
dependent  on  beam  intensity  see  Figure  3. 


Figure  4:  Deflect  of  the  orbit  with  current 


Figure2:  The  signal  processing  electronics 
2.3  Specification  of  the  electronics 


The  system  resolution  can  be  expressed  with  the 
following  formula: 


In  order  to  characterise  the  electronics  system,  we  use  a 
HP-8648A  digit  signal  generator  and  a  HP-3456  digit 
voltmeter  for  the  measurement.  The  results  indicate  that 
S/N  of  new  electronics  circuit  is  as  larger  than  50db.  The 
system  has  dynamic  range  of  33db.  The  non-linearity  is 
less  than  1  %  in  the  dynamic  range.  The  input/output  and 
the  stability  of  the  gain  of  the  electronics  are  plotted  in 
Figure3  (a)  and  (b). 


Input(dbm )  (a) 


Input  (dbm)  (b) 


Figure  3:  Character  curve  of  I/O 
and  Stability  of  gain 


R=3NmX  1/S  (2) 


Where,  Nrms  is  mean  square  root  noise  level,  S  is  the 
system  sensitivity.  The  measured  value  is  close  to  the  one 
calculated  based  on  this  formula,  which  is  about  10pm,  the 
resolution  of  the  BPM  system. 


3.2  Closed  orbit  measurement 
On  the  other  hand,  we  use  the  induced  signals  on  the  button 
electrodes  to  determine  the  reliability  of  the  system.  The 
peak  voltage  detected  by  BPM  button  electrode  can  be 
calculated  by  the  following  formula  [4] 


v  =d- 

V  1.2. 3.4  „ 


Rlc 


8a  ^Jl7t(T2f04e 


WA2,3,4) 


(3) 


Where  F  (8,6 12.3,4  )  is  a  beam  position  function,  a  is  BPM 
geometric  radius  and  d  is  BPM  pickup  radius. 

If  the  button  electrodes  are  working  properly,  (V,  +  V))  and 
(V2  +  V4)  should  be  roughly  equal  for  beam  position  change 
at  x  direction,  the  similar  with  y  direction. 

Therefore,  (V )  +  V3 )  -  (V2  +  V4)  should  be  close  to  zero. 
Since  all  the  BPM  sees  the  same  beam  current,  the 
deviation  of  the  sum  signal  of  each  BPM  can  be  used  to 
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In  our  case,  the  measurements  showed  that  S  is  inside 
110.2  and  Deviation  is  no  bigger  than  0.01  for  most  of 
BPMs.  Beam  orbit  measurements  have  been  done  with 
orbit  change  induced  by  the  use  of  the  magnetic 
correctors[5].  The  measurements  supported  the  predicted 
orbit  changes  based  on  the  machine  physics  calculation, 
see  Figure  5,  Figure  6. 


BPM 


Figure  5:  Relation  curve  of  position  deflect  and 
Correct  current 


12  4  6  8  10  12  14  16  18  20  22  24  26  27 


BPM 

Figure  6:  The  analysis  for  system  symmetry 
(Q2S  and  Q7S  been  separately  charged) 


BPM 

Figure  7:  the  analysis  for  system  period 
(Q2Sand  Q7W  been  separately  charged) 


4  CONCLUSION 

The  beam  position  monitoring  system  of  the  NSRL 
storage  ring  basically  satisfies  the  requirements  of 
machine  operation  and  studies  of  storage  ring.  The  short¬ 
term  reproducibility  of  measurement  is  better  than  10p.m. 
The  measurement  time  for  scanning  all  27  BPMs  is  about 
15  seconds.  Absolute  beam  position  with  respect  to  the 
magnetic  centre  of  the  adjacent  quadrupole  magnet  will 
be  determined  directly  with  the  beam  in  the  near  further. 
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The  subsystem  of  the  BPM  for  each  quadrant  also 
showed  similar  orbit  shifts  with  phase  difference  between 
the  quadrants  when  the  corresponding  magnetic 
correctors  in  each  quadrant  were  in  operation.  The  detail 
is  shown  in  Figure  7. 
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Abstract 

With  recent  developments,  X-ray  beam  position  monitors 
(BPMs)  are  capable  of  making  accurate  photon  position 
measurements  down  to  tjie  sub-micron  level.  The  true 
performance  of  X-ray  beam  position  monitors  when 
installed  an  insertion  device  beamlines  is,  however, 
severely  limited  due  to  die  stray  radiation  traveling  dong 
the  beamline  that  contaminates  the  insertion  device 
photons.  The  Stray  radiation  emanates  from  upstream  and 
downstream  dipole  magnet  fringe  fields,  from  steering 
correctors,  and  from  sextupoles  and  quadrupoles  with 
offset  trajectories.  While  significant  progress  has  been 
made  at  the  APS  using  look-up  tables  derived  from 
translation  stage  scans  to  compensate  for  this  effect, 
performance  of  ID  X-BPMs  to  date  is  at  the  10  to  20 
micron  level.  A  research  effort  presently  underway  to 
address  this  issue  involves  the  introduction  of  a  chicane 
into  the  accelerator  lattice  to  steer  the  stray  radiation  away 
from  the  X-ray  BPM  blades.  A  horizontal  parallel 
translation  of  the  insertion  device  allows  only  ID  photons 
and  radiation  from  two  nearby  correctors  to  travel  down 
the  beamline,  simplifying  the  radiation  pattern 
considerably.  A  detailed  ray  tracing  analysis  has  shown 
that  stray  radiation  gets  displaced  by  up  to  2  cm 
horizontally  at  the  X-BPM  locations  so  that  it  can  be 
easily  masked.  Results  from  such  a  modified  lattice, 
implemented  for  one  of  the  insertion  devices,  are  reported 
here. 

1  INTRODUCTION 

During  the  design  of  the  APS,  much  consideration  was 
given  to  the  requirement  for  micron-scale  beam  position 
stabilization.  To  this  end,  a  very  careful  mechanical 
design  for  photoemission  gold-plated  diamond  blade- 
based  X-ray  beam  position  monitors  was  executed  [1].  As 
described  elsewhere  [2],  a  method  has  been  developed  at 
the  APS  for  reducing  stray  radiation  background  signals 
from  X-ray  beam  position  monitors  on  insertion  device 
beamlines.  This  radiation  originates  not  only  from  the 
fringe  fields  of  the  dipole  magnets  located  upstream  and 
downstream  of  the  insertion  device  source  point,  but  also 
from  collinear  steering  corrector  magnets  and  off-axis 
particle  beam  trajectories  through  quadrupole  and 
sextupole  magnets  in  the  straight  section.  By  realigning 
girders  in  the  two  sectors  straddling  the  insertion  device, 
one  can  eliminate  all  of  the  stray  radiation  with  the 
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exception  of  that  emanating  from  two  corrector  magnets 
located  immediately  upstream  and  downstream  of  the 
insertion  device. 

Figure  1  illustrates  the  concept  of  displacing  accelerator 
girders  in  such  a  way  that  stray  radiation  is  directed  away 
from  the  X-ray  BPM  field  of  view.  The  strength  of  the 
dipole  magnets  on  either  side  of  the  insertion  device  is 
decreased  by  1  mrad,  while  two  corrector  magnets  located 
immediately  upstream  and  downstream  of  the  insertion 
device  are  powered  to  compensate  for  this  1-mrad  loss  of 
bend  angle  in  the  main  dipoles.  With  these  changes  in 
magnet  strengths  comes  an  accompanying  displacement  in 
the  girders  and  an  approximately  6-mm  parallel  horizontal 
displacement  of  the  insertion  device. 


Stray  radiation  from  upstream 
dipole,  quadrupoles.  sextupoles 


Figure  1 :  X-BPM  stray  radiation  realignment  concept 


Because  there  are  many  insertion  device  beamlines  in 
operation  at  the  APS,  an  alternative  concept  was 
implemented  that  was  less  disruptive  to  users.  Rather  than 
displacing  the  insertion  device  outboard,  the  two  adjacent 
accelerator  sectors  were  displaced  inboard,  leaving  the 
insertion  device  and  its  associated  front-end  and  beamline 
components  undisturbed.  This  required  changing  the 
strengths  of  four  main  dipole  and  four  corrector  magnets 
and  realignment  of  ten  girders  (each  APS  sector  is 
composed  of  five  girders  in  addition  to  an  insertion 
device). 

2  IMPLEMENTATION 

The  lattice  modification  just  described  required  a 
significant  planning  and  analysis  effort  over  a  period  of  15 
months  prior  to  its  implementation  in  the  APS  storage 
ring.  Among  the  tasks  undertaken  was  an  extensive 
program  of  computer-aided  design  ray  tracing  to  ensure 
that  no  uncooled  interior  vacuum  chamber  surfaces  would 
be  struck  by  X-rays,  both  with  standard  particle  beam 
steering  and  in  the  presence  of  large  but  physically 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2051 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


possible  beam  misalignment  conditions.  Shown  in 
Figures  2  and  3  are  plots  indicating  some  results  of  this 
ray  tracing  effort. 


Figure  2:  Insertion  device  exit  port  ray  tracing  result 


Figure  3:  Ray  tracing  results  showing  separation  of 
bending  magnet  radiation  (crosshatched  areas)  relative  to 
insertion  device  beamline  axis  after  lattice  change 


The  crosshatched  areas  in  Figures  2  and  3  indicate  the 
regions  where  bending  magnet  radiation,  streaming  from 
left  to  right,  is  present  at  the  insertion  device  beamline  exit 
port.  The  region  above  the  beamline  axis  represents 
bending  magnet  radiation  emanating  from  the  downstream 
fringe  fields  of  the  dipole  bending  magnet  located 
upstream  from  the  insertion  device,  while  the  lower 
crosshatched  area  corresponds  to  bending  magnet 
radiation  emanating  from  the  upstream  end  of  the 
downstream  dipole  magnet. 

In  Figure  3,  notice  the  separation  between  the  dipole 
“fans”  and  the  insertion  device  centerline  resulting  from 
the  girder  realignment.  Note  that  only  a  sliver  of  radiation 
from  the  upstream  dipole  fan  survives,  with  the  majority 
of  it  having  been  occluded  by  an  upstream  radiation 
absorber.  The  downstream  dipole  fan  is  not  displaced 
inboard  by  as  much  as  the  upstream  fan  has  been 
displaced  outboard,  a  consequence  of  the  relative 
distances  to  the  associated  source  points. 

3  EXPERIMENTAL  CONFIRMATION 

Figure  4  gives  the  approximate  geometry  for  the  two  X- 
ray  beam  position  monitor  blades  installed  in  all  standard 
APS  beamline  front  ends.  The  views  shown  are  taken 
from  inside  the  accelerator  looking  out  along  the 
beamline,  with  the  center  of  the  accelerator  on  the  right- 
hand  side.  The  geometry  was  chosen  such  that  the 
upstream  assembly  would  not  shadow  the  downstream 
blades  and  to  avoid  strong  radiation  background  from 


dipole  radiation  lying  in  the  plane  of  the  particle  beam 
trajectory. 

Upstream  X-BPM  (PI )  Downstream  X-BPM  (P2) 

-* - ►  4.65  mm 


B 


4.50  mm 


Figure  4:  APS  X-BPM  blade  geometry 

Figure  5  shows  plots  of  the  blade  sum  signal  for  each  of 
two  X-BPMs  located  along  two  different  beamlines,  as  a 
function  of  insertion  device  gap.  One  of  them,  beamline  1- 
ID,  is  a  standard  configuration,  while  the  second,  34-ID, 
has  undergone  the  “alternative”  lattice  modification 
described  in  the  text  following  Figure  1  above. 


Upstream  X-ray  BPM  Sum  Signal  Downstream  X-ray  BPM  Sum  Signal 


Figure  5:  X-BPM  sum  signals  vs.  insertion  device  gap 

Notice  for  the  upstream  X-BPM  in  the  left-hand  figure 
that  the  34-ID  background  signal  seen  with  the  gap  open 
(approaching  50  mm)  is  more  than  a  factor  of  ten  reduced 
in  comparison  to  the  signal  from  1-ID.  A  factor  of  more 
than  two  improvement  is  seen  for  the  downstream  X- 
BPM. 

While  these  results  are  encouraging,  it  is  important  to 
understand  the  characteristics  of  the  remaining 
background  signals.  While  radiation  from  the  main  dipole 
bending  magnets  should  have  been  all  but  eliminated, 
keep  in  mind  that  the  1-mrad  corrector  magnets  are 
themselves  sources  of  synchrotron  radiation.  Because  this 
radiation  is  predominantly  off-axis  horizontally,  one 
would  expect  that  the  “E”  and  “F”  blades  would  be 
strongly  affected  by  it.  As  reported  elsewhere  [2],  this  is, 
in  fact,  the  case.  By  steering  vertically  with  the  gap  open, 
one  sees  a  rapid  variation  of  the  signals  on  these  two 
blades. 
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One  fascinating  observation  was  that  the  response  of 
the  PI  blade  signals  to  local  vertical  steering  with  the 
insertion  device  gap  open  was  almost  perfectly  symmetric. 
The  top  two  blades  tracked  each  other  and  were  mirror 
images  of  the  response  of  the  bottom  two  blades.  This 
raises  the  possibility  of  using  the  corrector  magnet 
radiation  itself  as  a  position  diagnostic.  One  would  expect 
this  radiation  to  show  a  peak  value  at  a  location  0.5  mrad 
horizontally  off-axis  from  the  insertion  device  beamline 
centerline.  A  blade  monitor  design  similar  to  PI  and 
located  0.5  mrad  off-axis  would  hold  promise  as  a  gap- 
independent  X-ray  position  monitor. 

Shown  in  Figure  6  are  insertion  device  gap  scans  for  the 
individual  blade  signals  of  the  upstream  (PI)  X-BPM  on 
beamline  34-ID,  after  the  lattice  modification. 


34-ID  Upstream  Blade  A 


20  .30  40  50  60 

Insertion  Device  Gap  (mm) 


34-ID  Upstream  Blade  C 


34-ID  Upstream  Blade  D 


Figure  6:  Normalized  34-ID  X-BPM  blade  signals  vs.  gap 

The  data  plotted  are  normalized  by  dividing  the  blade 
photocurrent  signals  in  microamperes  by  the  total  stored 
beam  current  in  milliamps.  Each  blade  signal  was  fit  to  a 
function  of  the  form 


Signal  =  Constant  +  Factor  *  Exp(  -  Rate  *  Gap) , 

which  is  shown  by  the  solid  lines  in  Figure  6.  The  data  is 
indicated  by  diamond-shaped  symbols,  and  the  fit 
parameters  are  shown  on  each  plot. 

An  important  aspect  of  the  data  in  Figure  6  is  that  the 
slopes  of  the  four  curves  (i.e.,  the  “rates”  for  the  fit)  are 
significantly  different  from  blade  to  blade.  Whatever  the 
cause,  this  phenomenon  has  serious  consequences  if  one  is 
interested  in  using  these  blade  monitors  as  gap- 
independent  position  diagnostics.  Suspecting  a  nonlinear 
electronics  effect  to  be  responsible  for  the  observed 
differences  in  slope  in  Figure  6,  the  cables  were  swapped 
so  that  the  top  blades’  electronics  were  connected  to  the 
bottom  blades,  and  vice  versa.  The  effect  was  observed  to 
move  with  the  blades  and  not  the  electronics,  thus 
exonerating  the  electronics  as  the  culprit. 

Shown  in  Figure  7  are  plots  showing  the  variation  of  the 
“factor”  and  “rate”  fit  coefficients  as  functions  of 
horizontal  and  vertical  beam  position  at  the  PI  blade 
monitor  location  resulting  from  a  local  orbit  distortion  at 


the  insertion  device  source  point.  The  transverse  beam 
positions  were  computed  by  an  extrapolation  from  rf  beam 
position  monitors  employing  capacitive  pickup  electrodes 
mounted  on  opposite  ends  of  the  insertion  device  vacuum 
chamber. 


PI  Fit  Rate  vs  Horizontal  Position 


PI  Fit  Rale  vs  Vertical  Position. 


-0.3 -0.2 -0.1  0.0  C.1  0.2 

Horizontal  Position  (mm)  Vertical  Position  (mm) 

Figure  7:  Gap  scan  fit  coefficients  vs.  position 


One  possible  explanation  for  the  behavior  seen  in 
Figure  7  is  that  it  is  a  result  of  detailed  fabrication 
differences  from  blade  to  blade,  for  example,  small 
variations  in  blade  rotation  angle.  While  in  principle  it 
may  be  possible  to  compensate  for  this  effect,  it  is 
unlikely  that  the  beam  can  be  stabilized  at  the  sub-micron 
level  long  enough  to  determine  the  coefficients  to  the 
required  accuracy  to  support  submicron  level 
compensation. 


4  CONCLUSIONS 

A  technique  to  substantially  reduce  stray  radiation 
background  levels  from  insertion  device  X-ray  beam 
position  monitors  has  been  implemented  at  the  APS. 
While  use  of  these  devices  as  a  submicron-stable  position 
diagnostic  remains  a  challenge,  it  appears  that  a  device 
sensitive  to  corrector  magnet  synchrotron  radiation  may 
hold  the  potential  to  be  a  stable  gap-independent  X-ray 
position  diagnostic. 
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Abstract 

The  preservation  of  the  polarization  level  during 
acceleration  of  the  electron  beam  is  currently  the  main 
topic  at  the  Electron  Stretcher  Accelerator  (ELSA)  of  the 
University  of  Bonn.  It  can  be  improved  by  a  good 
correction  of  the  closed-orbit  relative  to  the  magnetic 
quadruple  centres  using  the  method  of  beam-based 
alignment.  Beam  position  monitor  electronics,  developed 
in  the  Forschungszentrum  Jiilich/IKP  for  ELSA  are 
integrated  to  form  the  28  BPM  orbit  measurement 
equipment.  The  deviation  of  the  closed  orbit  measured  by 
the  BPM  system  was  reduced  to  an  rms-value  of  140  pm. 

1  INTRODUCTION 

The  3.5  GeV  Electron  Stretcher  Accelerator  (ELSA)  at 
Bonn  University  was  recently  upgraded  for  the 
acceleration  of  polarized  electrons  [1].  During  the  energy 
ramp  several  strong  depolarizing  resonances  have  to  be 
crossed.  The  strengths  of  one  type  of  resonances 
connected  with  the  vertical  closed  orbit  distortions  can  be 
reduced  by  steering  the  beam  through  the  magnetic 
quadrupole  centers  of  ELSA.  A  common  technique  to 
determine  the  magnetic  axis  of  a  quadrupole  relative  to 
the  axis  of  the  beam  position  monitors  (BPM)  is  the 
method  of  beam-based  alignment  [2].  To  make  use  of  this 
method  a  BPM  system  with  a  good  resolution  and  long 
term  stability  is  required,  which  is  also  able  to  be  used  at 
low  currents  of  some  mA. 

2  SYSTEM  ARCHITECTURE 

The  new  BPM  electronics  forming  a  28  BPM  orbit 
measurement  equipment  are  integrated  in  the  control 
system  of  ELSA.  The  control  system  of  ELSA  is 
organised  hierarchically  in  three  layers  with  distributed 
intelligence.  The  presentation  level  is  based  on 
HP9000/700  workstations  running  HP-UX  as  the 
operating  system.  Its  purpose  is  to  display  the  status  of  the 
machine  and  to  hold  the  distributed  data  base.  The  process 
level  is  used  for  preprocessing  data  from  devices  using 
VME  processors  running  the  VxWorks  real-time 
operating  system  on  Motorola  68K  CPUs.  The  lowest 
level  is  the  fieldbus  level  for  the  direct  communication 
with  the  devices.  A  dedicated  VME  crate  for  the  BPM 
system  uses  a  serial  communication  board  based  on  the 


MC68360  communication  controller  and  a  MC68060  CPU 
for  high  level  data  processing.  The  front-end  devices  are 
connected  with  four  fieldbus  lines  to  the  communication 
controller.  The  communication  between  the  two 
processors  is  done  over  the  VME  backplane  using  mailbox 
interrupts  (Fig.  1). 


VMESYSMM  VMESYS681BIDC1 

MC68060  MC68360 


Figure  1:  Architecture  of  the  high  level  data  acquisition 
system. 

The  data  communication  between  the  VME  processors 
and  the  workstations  is  done  via  a  fibre  optics  link  using 
TCP  and  UDP  protocols  with  10  MBit/s.  The  orbit  data 
and  BPM  status  information  is  displayed  on  workstations 
running  a  GUI  based  on  the  X-Window  system  and 
OSF/Motif. 

3  FRONT-END  ELECTRONICS 

Front-end  electronics  each  consisting  of  an  rf  narrow- 
band  signal  processing  unit  and  a  data  acquisition  and 
control  unit  with  data  processing  capability  are  placed 
close  to  the  four-button  monitor  chambers  [3].  The 
monitor  stations  arranged  in  four  subgroups  are  connected 
via  galvanically  decoupled  serial  fieldbuses  to  the  host. 

3.1  Analog  Electronics 

Narrowband  superhet  rf  electronics  (Fig.  2)  process  the 
fundamental  components  of  the  button  signals.  At  the 
input  analog  rf  multiplexer  with  programmable  button 
sequence  scans  the  four  buttons.  Low  noise  narrowband 
preamplifier  (B=5  MHz)  amplifies  the  signal  of  the 
selected  button.  For  high  signal  levels  a  switched  30dB 
attenuator  can  be  inserted.  Mixer  transposes  the  desired 
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frequency  range  to  the  intermediate  frequency,  where 
narrowband  filters  reduce  the  bandwidth  to  -200  kHz  and 
amplifier  with  controlled  gain  enhances  the  signal  level 
appropriate  for  demodulation. 


transceiver  for  data  communication,  12  bit  ADC  for 
digitizing  of  the  demodulated  electrode  signals  and  12  bit 
DAC  for  gain  control,  several  bits  for  timing  and 
bandwidth  control  and  a  3-wire  serial  interface  for 
synthesizer  control. 


SerzdBus 

IMbi 


Danodxhtnr  GaiiCcrttol  M  PX  Cento  1 

Output 


Figure  2:  Block  diagram  of  the  rf  signal  processing  Figure  4:  Block  diagram  of  the  data  acquisition  and 
module.  control  module. 


On-board  remote  controlled  synthesizer  generates  the  LO 
signal  applied  to  the  mixer.  Its  frequency  determines  the 
band-center  frequency  of  the  signal  processing.  Frequency 
changes  within  the  IF  bandwidth  will  be  automatically 
tracked  by  the  demodulator  in  real  time. 

Band-center  frequency  adjustments  can  be  achieved  in  the 
range  of  500MHz  +  2MHz  with  50kHz  steps.  The  output 
signal  of  the  linear  synchronous  demodulator  is 
proportional  to  the  rms  value  and  carries  level  changes 
with  frequencies  up  to  500  Hz.  The  gain  control  range  of 
the  processing  chain  is  about  100  dB.Signal  level  dynamic 


PosifcnNoie 


between  -80dBm  and  +10dBm  is  allowed.  The  typical 
equivalent  beam  position  noise  is  <0.5  pm^  @  Pin=  -46 
dBm,  B=10  Hz  and  K=14.5  mm  (Fig.  3). 

Figure  3:  Equivalent  rms  position  noise. 

3.2  Data  Acquisition 

The  Data  Acquisition  Unit  (Fig.  4)  consists  of  a  8bit 
microcontroller  with  8kbyte  EPROM  and  32kbyte  RAM 
and  built-in  timer,  half-duplex  1  Mbit/s  asynchronous 
serial  interface  with  galvanic  isolated  twisted-pair 


The  timer  of  the  microcontroller  controls  the  rf  multi¬ 
plexer  and  the  timing  phases  of  the  acquisition.  The 
sampling  rate  can  be  set  by  means  of  remote  command 
between  1 -256ms  corresponding  to  the  selected  lowpass 
filter. 

4  DATA  PREPROCESSING 

The  built  in  firmware  of  the  front-end  daq  unit  performs 
some  basic  computing  tasks.  After  digitizing  of  the  button 
signals  the  horizontal  and  vertical  positions  are  computed. 
In  automatic  gain  control  mode  the  measured  values  are 
compared  with  a  reference  and  a  gain  correction  value 
will  be  prepared  for  the  next  cycle.  The  scan  timing  and 
the  step  gain  control  are  synchronised.  Four  button  signals 
will  be  measured  in  each  cycle  with  the  same  gain, 
therefore  consistent  data  are  used  for  position  computing. 
Subsequently  a  digital  lowpass  filter  algorithm  reduces  the 
signal  bandwidth.  Its  cutoff  frequency  is  programmable  in 
14  steps.  The  overall  bandwidth  can  be  reduced  down  to 
0.1  Hz.  On  request  of  the  host  the  acquired  and 
preprocessed  data  will  be  transferred  in  real  time,  or  can 
be  buffered  in  the  4kS  RAM  for  slower  read  or  later  use. 

5  HIGH  LEVEL  DATA  PROCESSING 

In  the  free  run  mode  the  data  acquisition  of  all  BPM 
stations  is  triggered  in  regular  intervals  by  the  fieldbus 
host  computer.  The  BPM  stations  send  as  a  response  on 
the  trigger  the  measured  values  as  a  sequence  of  data 
blocks  on  the  four  fieldbus  segments  to  the  host.  The 
complete  data  block  of  28  BPMs  is  passed  over  to  the 
BPM  controller  CPU  using  a  TCP/IP  network  connection. 
A  second  process  with  a  lower  priority  sends  periodically 
the  actual  status  and  BPM  settings  to  the  control  system. 
Commands  for  settings  and  changing  of  hardware 
parameters  of  the  BPM  stations  are  passed  over  to  the 
server  process  using  a  second  TCP/IP  connection. 
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The  BPM  controller  CPU  corrects  first  for  unequal 
electrode  attenuations  [4]  and  linearizes  the  nonlinear 
response  of  the  electrode  configuration  using  a 
combination  of  a  look-up  table  and  a  two-dimensional 
local  polynomial  approximation  of  second  degree.  Closed 
orbit  data  is  transferred  to  the  workstations  and  can  be 
displayed  and  analyzed.  Several  different  orbit  correction 
algorithms  like  harmonic  correction,  least  square  fit, 
MICADO,  and  local  bumps  are  available. 

Furthermore  data  traces  with  the  signals  of  all  BPMs 
can  be  acquired  and  saved  to  disc  for  off  line  analysis.  The 
sampling  interval  can  be  up  to  1  ms  covering  4096 
positions. 

6  CALIBRATION 

The  strengths  of  the  imperfection  resonances  depend  on 
the  correction  of  the  vertical  closed  orbit  during  resonance 
crossing.  The  technique  of  beam-based  alignment  [4]  was 
used  to  determine  the  magnetic  centers  of  the  quadrupoles 
which  define  the  zero  positions  of  the  nearby  BPMs.  To 
locate  the  magnetic  axis  of  the  quadrupole  with  the  beam, 
a  small  change  of  the  focusing  strength  (=  1  %)  with  an 
additional  power  supply  was  applied.  The  orbit  was 
moved  to  different  positions  using  a  local  four  corrector 
bump.  If  the  beam  passes  through  the  magnetic  center  of 
the  quadrupole,  the  position  shift  due  to  the  change  of  the 
focusing  strength  vanishes  at  the  28  BPMs.  An  example  of 
a  measurement  is  shown  in  Fig.5. 


Figure  5  :  Shift  in  position  due  to  a  1  %  change  of  the 
gradient  in  quadrupole  QD15  for  different  beam  bump 
amplitudes. 

The  zero  position  of  the  BPM  is  determined  from  the 
analysis  of  all  zero  crossings  of  the  BPMs  weighted  with 
the  errors  from  a  linear  regression  for  each  BPM.  The 
reproducibility  of  the  zero  positions  of  the  BPMs 
determined  by  this  method  is  approximately  100  pm 
mainly  due  to  statistical  fluctuations. 

7  ORBIT  CORRECTION 

Before  orbit  correction  the  orbit  distortion  in  the  vertical 
plane  was  reduced  by  a  good  alignment  of  the  quadrupole 
and  dipole  magnets.  For  the  closed  orbit  correction  20 
horizontal  and  18  vertical  steerer  magnets  were  used.  The 


uncorrected  orbit  with  xm  =2.46  mm  and  zms  =  0.93  mm 
was  reduced  after  five  iterations  to  values  of  x  =  0.126 

rms 

mm  and  zm=  0.141mm  using  a  least-square  orbit 
correction  algorithm  based  on  the  singular  value 
decomposition.  The  uncorrected  and  corrected  orbit  is 
shown  in  Fig.  6. 


horizontal  orbit 


Figure  6:  Uncorrected  (solid)  and  corrected  (dashed) 
closed  orbit. 

First  measurements  with  polarized  electrons  showed,  that 
after  the  orbit  correction  the  polarization  at  the  first  strong 
imperfection  resonance  at  1.32  GeV  could  be  almost 
completely  preserved  without  additional  means  like 
harmonic  correction. 

8  CONCLUSIONS 

The  close  placing  of  the  rf  and  data  acquisition  electronics 
to  the  pick-up  buttons  reduces  effectively  the  rf 
interference  and  allows  to  utilize  the  remarkable  noise 
performance  of  the  front-end  unit.  The  galvanically 
decoupled  fieldbus  eliminates  the  disturbances  caused  by 
the  potential  difference  between  the  monitor  chambers  and 
the  host  and  enhances  the  reliability  of  the  data  transfer. 
Software  development  on  the  user’s  side  is  not  necessary 
for  the  low-level  acquisition  control  and  preprocessing. 
The  distributed  and  time-overlapped  data  processing 
improves  the  overall  system  performances. 

It  was  possible  with  the  new  BPM  system  to  correct 
the  closed  orbit  of  ELSA  up  to  rms  values  of  140  pm  in 
both  planes. 
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Abstract 

The  Cornell  10-GeV  Electron  Synchrotron,  built  in  1968 
for  fixed-target  physics,  has  served  since  1979  as  injector 
to  the  storage  ring  CESR.  In  this  mode,  which  calls  for  a 
sparse  fill  pattern  (45  bunches  at  most),  the  original  beam 
position  monitors  are  ineffective.  An  improved  system, 
now  under  construction,  is  described. 

1  INTRODUCTION 

Originally,  the  Cornell  Electron  Synchrotron  accelerated  a 
"continuous"  beam  (all  700  MHz  RF  buckets  filled);  its 
beam  detectors  used  ferrite-core  current  transformers  that 
could  not  resolve  individual  bunches.  The  cores  carried 
auxiliary  differential  windings  that  served  as  rudimentary 
beam  position  monitors  (BPMs).  However,  with  the  wide¬ 
ly  spaced  bunches  called  for  by  CESR,  these  windings  no 
longer  deliver  useful  signals.  New  BPMs  are  being  instal¬ 
led  as  part  of  a  general  improvement  program. 

With  cost  and  downtime  as  major  constraints,  we 
decided  that  the  new  BPM  system  should  fit  into  the 
present  vacuum  enclosures  and  work  through  the  existing 
cable  system.  Analog  signals  representing  intensity,  hori¬ 
zontal,  and  vertical  position  are  brought  to  the  control 
room  through  three  75  cables  that  encircle  the  synchro¬ 
tron  (-756  m  circumference).  These  cables,  similar  to 
RG59/U  but  triaxially  shielded,  have  an  uncomfortably 
long  risetime  ( tT  =  70  ns,  maximum). 

The  BPM  signals,  after  treatment  by  local  preampli¬ 
fiers,  are  multiplexed  into  the  cables  via  small  relays  that 
are  energized  one  at  a  time.  Taking  data  for  the  complete 
ring  requires  stepping  sequentially  through  all  the  relays. 

BPMs  for  the  synchrotron,  as  opposed  to  the  storage 
ring,  must  deal  with  some  special  features:  (1)  The  beam 
is  about  three  orders  of  magnitude  smaller — only  a  few 
times  108  particles  per  bunch — and  it  is  not  steady.  (2) 
The  orbit  errors  change  during  the  acceleration  cycle  be¬ 
cause  remanent  fields  and  eddy  currents,  important  at  injec¬ 
tion  time,  become  insignificant  at  high  energy:  orbit  mea¬ 
surement  must  thus  take  place  in  a  selected  short  time 
interval  within  the  8  ms  acceleration  cycle.  (3)  Coherent 
beam  oscillations,  caused  principally  by  injection  errors, 
remain  significant  throughout  the  acceleration  cycle:  the 
BPM  signals  must  be  averaged  over  several  turns  to  locate 
the  equilibrium  orbit. 
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Figure  1.  Vertical  section  through  the  stripline  beam 
detector.  e~  travel  from  right  to  left  in  this  diagram, 
delivering  at  the  downstream  end  of  the  stripline  a  pulse 
doublet  with  initially  positive  excursion.  (e+  moving  in 
the  opposite  direction  produce  a  similar  signal.) 

2  BEAM  PROBES 

Short  beam  probes  (pickup  "buttons"  or  loops)  have  capa¬ 
citive  or  inductive  source  impedances.  When  loaded  by  a 
resistance  R,  such  probes  pseudo-differentiate  the  bunch 
signal.  The  time  constants  (T  =  RC  or  L/R)  come  out  well 
below  1  ns  when  R  »  50  Q, .  Since  this  is  comparable  to 
the  duration  of  the  bunch,  the  output  signal  becomes  a 
short,  bipolar  pulse  doublet.  When  such  a  doublet 
encounters  a  long  risetime  tx,  the  output  amplitude  goes  as 
1/ft2.  In  our  case  the  signal  would  be  reduced  almost  to  the 
noise  level.  We  avoid  this  by  immediately  converting  the 
probe  signal  into  a  longer,  monopolar  pulse,  using  peak 
rectification  by  a  fast  diode. 

A  strip-line  probe  is  better  than  a  short  probe  in  this 
mode  of  operation.  Instead  of  pseudo-differentiating,  the 
line  adds  a  delayed,  inverted  reflection  from  its  far  end 
(shorted).  The  resulting  doublet  spacing  can  be 
large — twice  the  propagation  time  of  the  line.  To  fit  into 
the  available  space,  our  lines  are  0.15  m  long,  yielding  a 
doublet  spacing  of  1  ns. 

Between  the  96  pairs  of  synchrotron  magnets  mounted 
on  I-beams  there  are  drift  spaces  (usually  0.28  m  long) 
that  alternately  accommodate  pump  ports  and  corrector 
coils.  The  latter,  assembled  on  a  tube  of  43  mm  inner 
radius,  leave  enough  clearance  for  BPM  signal  feed¬ 
throughs.  The  lattice  functions  /3X  and  /3y  are  approxi¬ 
mately  equal  (-12  m)  at  these  locations,  giving  similar 
sensitivities  to  the  BPMs  in  both  planes.  The  betatron 
tunes  are  Qx  =  10.65,  Qy  =  10.77;  we  expect  to  install 
about  50  BPMs,  spaced  roughly  by  quarter-wavelengths. 

Figure  1  shows  one  BPM  consisting  of  four  strip 
lines  placed  in  symmetrical  pairs  on  opposite  sides  of  the 
beam  in  each  dimension,  horizontal  (x)  and  vertical  (y). 
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The  strip,  spaced  9.5  mm  from  the  wall  of  the  tube,  is  38 
mm  wide,  yielding  Z0  =  100  Q.  (The  strips  are  lightly 
folded  longitudinally  to  conform  to  the  curvature  of  the 
tubular  wall.) 

3  SIGNAL  PROCESSING 


To  first  order,  the  amplitudes  from  the  two  probes  of  a 
pair  are,  respectively, 


a+  =  qkJ  1 


{' 


and  a- 


where  q  is  the  bunch  charge,  k+,  k-  are  gain  factors,  jc  is 
the  bunch  displacement  from  center,  and  x0  is  a  scale 
length.  [Similarly  for  y.]  In  the  ideal  case  we  have  k+  = 
fc_;  then 


with  A a  =  a+-a-  and  Ea  =  a+  +  a_.  To  ensure  that  a  null 
A-signal  correctly  indicates  x  -  0,  we  evidently  need  to 
maintain  k+  =  L-  over  an  adequate  dynamic  range. 

Unfortunately,  pulse  stretching  (by  peak  rectification) 
cannot  be  done  after  the  A-signal  is  formed,  since  this 
signal  may  have  either  sign.  The  two  line  signals  must 
therefore  be  rectified  individually,  with  the  two  rectifica¬ 
tion  yields  entering  separately  into  k+  and  k_.  As  illus¬ 
trated  in  Fig.  2,  the  main  feature  of  diode  rectification  is  a 
threshold  intercept,  governed  by  the  diode's  cut-in  voltage. 


Figure  2.  Amplifier  output  as  a  function  of  bunch  charge. 
A  linear  fit  to  the  data  above  threshold  is  shown. 


With  our  particular  strip  lines  and  diodes  (Hewlett-Packard 
HP5082-2835  in  the  prototype),  this  threshold  corres¬ 
ponds  to  ~107  particles  per  bunch;  above  threshold  the 


rectification  yield  is  substantially  linear.  We  will  use 
matched  pairs  of  diodes  for  each  pair  of  strip  lines;  when 
the  intercepts  are  equal  a  null  A-signal  still  correctly  indi¬ 
cates  x  =  0.  To  calculate  a  nonzero  bunch  displacement 
from  the  stretched  signals  we  use 

A a 

X  ~  Ea  +  2 a0  X°’ 

where  a0  is  the  threshold  intercept  projected  onto  the  pulse 
amplitude  axis  (see  Fig.2). 

If  a  small  gain  mismatch  does  remain,  suppose  that 
k+  =  (1  +  e)  k _  [e«  1], 

A  centered  bunch  then  yields  Aa/Ea  ~  ell,  giving  a  false 
indication 

x£  =  (e/2)  x0. 

With  x0  ~  21  mm,  to  hold  x£  <  1  mm — adequate  for  our 
purposes — we  need  only  maintain  lei  <  9%. 

4  CIRCUITS 

Figure  3  shows  the  arrangement  of  stretchers  and  ampli¬ 
fiers  for  forming  Aa  and  Ea  and  driving  the  coaxial  cables. 
Figure  4  shows  the  A-signal  observed  through  the  coaxial 
cable.  A  high-pass  time  constant  of  0.4  [is,  well  below 
the  2.5  [is  revolution  period,  ensures  that  the  signal 
returns  to  zero  between  pulses.  (Orbit  measurements  will 
be  made  with  only  a  single  bunch  of  er  circulating.) 


HP5082-283S 


Figure  3.  Schematic  of  prototype  stretchers,  sum,  and  dif¬ 
ference  amplifiers  for  one  pair  of  striplines.  (To  avoid 
reaching  the  amplifier's  output  current  limit,  the  sum 
channel  has  a  lower  gain  than  the  difference  channel.) 

Starting  at  the  desired  time  in  the  acceleration  cycle, 
BPM  pulses  from  a  selected  group  of  turns  must  be  inte¬ 
grated  to  obtain  the  average  bunch  position  (in  the  pre¬ 
sence  of  oscillations).  This  is  illustrated,  for  5  turns,  in 
Fig.  5.  The  burst  of  5  gate  signals  is  timed  so  as  to  exclu¬ 
de  the  reverse-polarity  excursion  of  each  BPM  pulse.  The 
gate  output  is  applied  to  an  operational  integrator,  which 
is  reset  before  the  burst  but  allowed  to  hold  its  accumula¬ 
ted  voltage  until  read  out  by  a  computer. 
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seen  ~4  ms  into  the  acceleration  cycle.  A  substantial  off¬ 
set  of  the  equilibrium  orbit  is  indicated,  as  well  as  some 
bunch  oscillations. 


and  Gerry  Codner  for  helpful  advice  and  valuable  discus¬ 
sions  on  the  design  of  the  electronics. 
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Figure  5.  Timing  diagram  for  the  gated  integrator  circuit. 
(The  integrator  reverses  the  signal  polarity.) 


5  CALIBRATION 

A  rough  estimate  for  jc0  (=  21  mm)  was  obtained  in  bench 
measurements,  using  a  short  pulse  sent  down  a  movable 
conductor  to  simulate  the  beam.  A  more  appropriate  cali¬ 
bration  will  be  obtained,  in  due  course,  during  studies  of 
the  orbit-correcting  procedures  themselves. 

6  CONCLUSION 

A  stripline  BPM,  together  with  its  signal  processing 
circuits,  has  been  designed  and  tested  with  good  results. 
Slight  modifications  to  these  designs  will  be  made,  but  a 
suitable  system  is  close  to  reality.  During  the  1999 
summer  shutdown,  in  preparation  for  CESR  Phase  in 
high-current  running,  the  synchrotron  will  be  completely 
outfitted  with  this  BPM  system. 
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Abstract 

In  the  latest  generation  of  SR  sources,  local  bump  orbit 
feedback  systems  are  under  development  for  improving  the 
stability  of  the  delivered  radiation.  Photon  Beam  Position 
Monitors  (PBPM)  are  being  built  as  detectors  of  beam 
movements  and  as  references  for  feedback  systems.  A  new 
generation  of  PBPM’s  for  Undulator  beamlines  is  being 
designed  at  ELETTRA.  Detectors  based  on  the  use  of 
electron  energy  analysers  will  drastically  reduce  the 
contamination  of  dipole  magnet  radiation  on  the  PBPM  to 
less  than  0.1%.  A  detector  prototype  has  been  designed 
and  is  currently  under  construction.  A  full  description  of 
the  detector  layout,  its  working  principle  and  the  expected 
behaviour  obtained  by  computer  simulations  are 
presented. 

1  INTRODUCTION 

For  the  latest  generation  of  SR  sources,  local  bump  orbit 
feedback  systems  are  being  developed  for  the  improvement 
of  the  stability  of  the  delivered  radiation  [1], 

The  conventional  approach  to  a  PBPM  system  for  a  high 
brightness  beamline  from  an  Insertion  Device  (ID)  is  to 
provide  a  pair  of  detectors  based  on  four  blades  that 
intercept  the  fringes  of  the  beam  and  photoemit  electrons. 
The  positions  of  the  beam  centre  in  the  vertical  and 
horizontal  planes  and  the  angles  of  emission  are  then 
computed  from  the  eight  photocurrents  measured.  At 
ELETTRA,  in  all  the  front-ends  of  the  ID  beamlines,  a 
PBPM  system  is  installed  [2].  Because  of  our  storage  ring 
configuration,  a  significant  part  of  the  radiation  from  the 
upstream  and  downstream  dipoles  is  superimposed  to  the 
ID  beamline  radiation  [3].  This  fact  inhibits  the 
application  of  any  feedback  algorithm  based  on  the  PBPM 
measurements. 

2  DETECTOR  LAYOUT 

Even  if  the  peak  intensity  of  the  Undulator  radiation  is 
much  higher  than  the  Bending  Magnet  (BM)  contribution, 
the  integrated  intensity  seen  by  a  conventional  PBPM, 
can  be  comparable.  A  drastic  reduction  of  the  contribution 
of  dipole  magnet  radiation  down  to  less  than  0.1%  can  be 
achieved  by  selecting  the  energy  of  the  photoelectrons. 

The  Undulator  energy  spectrum  is  peaked  within  a  narrow 
bandwidth  around  a  particular  value,  which  changes  with 
the  K  parameter  and  the  harmonics.  The  energy  range  of 
the  BM  radiation  is  wide  and  goes  from  few  eV  to  20KeV 
with  a  photon  flux  at  2GeV  of  about  1013 
[photons/s/mrad2/0.1%BW],  Furthermore,  only  the  fringe 
fields  of  the  dipole  contribute  to  the  contamination  of  the 


PBPM,  so  the  effective  BM  photon  flux  seen  is  expected 
to  be  some  order  of  magnitude  smaller. 

On  the  other  hand,  the  first  harmonic  photon  flux  of,  for 
example,  the  Elliptical  Wiggler  (section  4.2)  working  in 
the  Plane  Undulator  Mode  at  K,=l.l  is  about  lxlO16 
[photons/s/mrad2/  0.1%BW]  at  a  photon  energy  of  1 12eV. 
Therefore,  we  have  designed  a  new  detector  that  selects  the 
contribution  to  the  spectrum  at  a  given  photon  energy, 
with  a  bandwidth  comparable  to  the  Undulator  linewidth. 
It  will  thus  take  advantage  of  the  flux  difference  between 
BM  and  ID  contribution  at  the  positions  of  the 
harmonics. 

A  first  prototype  is  under  development  and  its  layout  is 
depicted  in  fig.  1 .  It  is  designed  for  position  detection  on  a 
single  plane  and  is  composed  of  two  parts:  the 
photoemissive  blades  and  a  pair  of  electron  energy 
analysers.  The  electron  analysers  are  composed  by  an 
input  lens  and  a  hemispherical  dispersing  element.  Each 
analyser  is  aligned  with  a  blade  and  it  collects  the 
electrons,  with  an  angular  acceptance  of  a  tenth  of 
mradian,  photoemitted  by  the  blade. 

The  geometric  position  of  the  electrostatic  lens  and  its 
polarisation  ensure  that  each  system  (analyser  &  blade)  is 
independent  of  the  other.  Tuning  the  analyser  at  the  proper 
energy,  depending  on  the  Undulator  spectrum  and  the 
photoemission  line  of  the  blade,  we  are  able  to  reject 
most  of  the  BM  contribution  to  the  signal. 

The  detector  is  energy  tuneable  from  few  eV  to  some  keV. 
Therefore,  it  is  suitable,  for  every  Undulator  device. 
Moreover  it  may  be  set  easily  and  quickly  for  any 
working  gap  of  the  Undulator. 


Figure  1:  The  NewPBPM  prototype  layout.  The  flange  of  the 
manipulator  supports  the  detector.  The  main  active  elements 
are  visible:  the  couple  of  blades  and  the  hemispherical 
analysers  that  collect  and  filter  the  photoemitted  electrons. 
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3  DETECTOR  WORKING  PRINCIPLE 


3.1  The  Electron  Analyser 


The  new  PBPM  utilises  the  electrostatic  hemispherical 
analyser  [4]  developed  and  used,  by  the  Aloisa  and  Gas- 
Phase  beamlines  at  ELETTRA;  to  perform  angle  resolved 
time  coincidence  photoemission  experiments.  This 
analyser  is  characterised  by  a  compact  hemispherical 
dispersing  element  (Ro=  33  mm),  an  electrostatic  lens 
with  a  cylindrical  symmetry  formed  by  four  elements  and 
a  system  of  selectable  input  and  exit  slits.  All  these 
features  have  been  fully  exploited  on  the  experimental  end 
stations  at  ELETTRA. 

The  dispersing  element,  composed  of  a  pair  of  concentric 
hemispheres  with  fixed  input  and  exit  slits,  selects 
electrons  of  a  particular  energy  Ep  proportional  to  the 
voltage  difference  between  the  hemispheres  (Ep=k,AV).  It 
is  characterised  by  a  constant  relative  energy  resolution 
AE/E=k2  [5].  The  dimension  of  the  internal  and  external 
hemisphere  determines  the  constant  k,,  which  is  fixed  for 
a  given  spectrometer.  The  constant  k2  is  inversely 
proportional  to  the  mean  radius  R0  and  directly 
proportional  (in  first  order  approximation)  to  the  slit 
width  so  the  relative  resolution  can  be  varied  by  changing 
the  settings  of  the  slits  set  when  the  experimental 
chamber  is  in  air.  Energy  spectra  can  be  performed  in  two 
ways:  changing  the  kinetic  energy  of  the  analysed  particle 
to  match  the  fixed  value  selected  by  a  constant  applied 
voltage  on  the  hemispherical  sector  or  moving  the  applied 
potential  on  the  hemisphere  according  to  proportional 
factor  k,.  With  the  help  of  an  input  electrostatic  lens,  we 
can  work  in  both  conditions  preserving  optimised 
efficiency.  The  first  operation  mode  is  used  to  keep 
constant  the  energy  resolution.  The  lens  focuses  electrons 
from  blade  to  the  hemisphere  and  changes,  in  a  controlled 
way,  their  kinetic  energy  E  to  a  fixed  value  to  reach 
constant  energy  resolution  (AE  =k2Ep).  The  lens 
transmission  changes  during  the  energy  scan  because 
angular  magnification  and  linear  magnification  vary 


( Mh  ■  Ma  =  — ).  The  second  operation  mode  is 


characterised  by  a  constant  lens  transmission  because  the 
lens  is  used  just  to  focus  electrons  and  eventually  to 
change  their  energy  by  a  fixed  proportional  factor 


( —  =  Retarding  Ratio  =  R ).  Since  in  the  present 
Ep 

application,  the  essential  point  is  not  energy  resolution 
but  a  controlled  and  possibly,  constant  transmission  of 
the  spectrometer  for  different  analysed  energy  ranges,  we 
plan  to  work  in  the  second  operation  mode  called 
Constant  Relative  Resolution.  The  intrinsic  relative 
resolution  k2  has  been  estimated  by  computer  simulation 
considering  second  order  angular  terms.  Imposing  a  slit 
width  of  2  mm,  it  results  to  be  of  the  order  of  3.5*  10'2. 
So  it  is  comparable  to  the  relative  bandwidth  of  Undulator 
harmonics  AE/E=(lto5)10'2.  To  achieve  a  fine  tuning  of 
the  overall  analyser  relative  bandwidth  with  respect  to  the 
Undulator  line  ^Ihape  we  have  optimised  the  optical 
system  for  a  Retarding  Ratio  ranging  from  1  to  5. 


As  an  example  we  may  consider  a  lens  system  working  at 
R= 2;  the  overall  behaviour  results: 


3.2  The  Data  Acquisition  System 

The  instrumentation  set-up  of  this  detector  is  more 
complex  than  for  a  standard  PBPM.  Firstly,  each  electrode 
of  the  electron  analysers  and  their  electrostatic  lenses  is 
controlled  by  a  set  of  low  ripple  programmable  HV  power 
supplies.  Secondly,  at  each  electron  analyser  exit  an 
electron  multiplier,  that  increases  the  signal  level,  has  to 
be  biased  to  some  kV  for  its  proper  functioning.  Two 
different  ways  of  data  acquisition  are  needed:  counting 
mode  and  current  mode.  Each  mode  has  a  dedicated 
electronics:  the  former  detects  the  fast  pulse  train  coming 
out  from  the  analyser  and  counts  them.  The  latter 
integrates,  with  a  configurable  time  constant,  the  signal. 
Then  in  both  cases  the  data  is  processed  in  order  to  find 
the  vertical  beam  centre. 


Resulting  flux  from  Eo,E0+1%,Eo-1% 
at  15  meters  from  the  source 


Figure  2:  Photon  flux  spatial  distribution  for  the  insertion 
device  ID4  tuned  at  112eV  within  an  energy  bandwidth  of 
±1%  (@  15m  from  the  source) 

Moreover,  the  two  photocurrents  of  the  blades  are  also 
acquired  for  alignment  purposes.  The  acquisition  in 
current  mode  is  performed  by  custom  floating 
picoammeters  to  decouple  the  biasing  HV. 

4  SYSTEM  SIMULATION 

The  behaviour  of  the  analyser  has  been  studied  by  an 
electron  ray-tracing  simulation  [6],  In  particular  we  have 
made  an  effort  to  evaluate  the  spectrometer  Field  of  View 
(or  better  the  spatial  transmission  function  at  fixed 
analysed  energy).  In  fact,  the  convolution  of  this  curve 
with  the  photon  flux  spatial  distribution  (Fig.  2) 
determines  the  sensitivity  of  our  system  to  beam  motion. 
The  result  of  the  simulation  is  shown  in  fig.  3  for  an 
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analyser  configuration  characterised  by  AE/E=2%.  A  grid 
of  emission  points,  placed  at  the  blade  surface,  has  been 
utilised  (0. 1x0.5  mm  spacing).  Each  point  emits  electrons 
in  two  orthogonal  planes  both  perpendicular  to  the  blade 
surface  with  a  symmetric  emission  angle  of  ±6°  (the  lens 
geometrical  acceptance  angle).  All  the  electrons  have  the 
same  kinetic  energy  and  lens  and  hemisphere  voltages  are 
tuned  for  this  energy.  The  green  colour  scale  represents 
the  fraction  of  trajectories  that  reaches  the  exit  slit  of  the 
hemisphere. 


PHOTON  BEAM  AXIS 


Figure  3:  A  simulation  of  the  spectrometer  transmission 
function  with  a  AE/E=2%. 

The  electron  beam  orbit  stability  has  to  achieve  0.1% 
intensity  constancy  of  the  delivered  radiation.  Therefore, 
the  Synchrotron  light  sources  have  stability  goals  from 
10%  to  1%  of  the  photon  beam  size  and  divergence  [7]. 
At  15m  from  the  source  it  means  a  detector  sensitivity  of 
about  10  pm. 

In  order  to  estimate  the  sensitivity  we  consider  that 
measured  signal  will  be  proportional  to  the  convolution 
of  spectrometer  transmission  function  (fig.3)  with  the 
photon  beam  distribution  (fig.2).  We  have  calculated  this 
curve  along  the  vertical  plane  for  a  centred  beam  and  for  a 
10  pm  beam  displacement.  The  result  indicates  a  relative 
difference  between  the  two  signals  of  the  order  of  4%.  The 
estimated  current  signal  at  the  exit  of  the  analyser  is  about 
InA.  So  a  current  measurement  with  the  accuracy  of 
lOpA  is  able  to  achieve  a  beam  position  sensitivity  better 
than  10pm.  The  electronics  allow  an  accuracy  of  IpA  and 
so  it  would  be  possible  to  reach  a  sensitivity  of  1pm. 

8  THE  UHV  CHAMBER  AND  TEST 
MEASUREMENTS 

An  UHV  test  chamber  for  PBPM  testing  will  be  placed 
along  the  Circular  Polarisation  Beamline  immediately 


after  the  front-end  and  before  any  optical  element.  A  white 
beam  is  available  at  this  location  15  meters  from  the 
source.  An  X-Z  manipulator  will  provide  the  translations 
of  the  detector  on  an  orthogonal  plane  with  respect  to  the 
beam.  In  addition  each  pair  of  blade  and  analyser  is 
mounted  on  a  movable  support  that  allows  change  the 
distance  between  the  two  blades.  Therefore  it  is  possible 
to  change  the  working  position  of  the  detector  with 
respect  to  the  photon  beam.  The  chamber  has  to  be  built 
as  a  compact  experimental  chamber  with  particular 
attention  paid  to  the  magnetic  shielding. 

*  PRESENT  STATUS 

Currently  all  the  mechanical  components  are  Under 
construction.  Delivery  is  planned  for  this  summer.  The 
control  system  and  the  instrumentation  have  been 
designed  and  are  in  construction.  The  first  measurements 
with  the  detector  are  planned  for  the  end  of  the  year. 

7  CONCLUSIONS 

A  new  possible  solution  to  photon  beam  position 
monitoring  for  Undulator  beamlines  has  been  presented. 
The  simulations  confirm  that  it  is  possible  to  obtain  good 
sensitivity  and  to  reduce  drastically  the  contamination 
from  BM  radiation.  The  design  allows  a  great  flexibility 
and  a  large  operative  range.  The  measures  will  confirm  if 
it  is  also  completely  compatible  with  the  strictly 
requirements  for  the  orbit  stability  feedback  controls. 
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In  this  paper  we  describe  the  latest  version  of  a  program  we 
have  used  for  several  years  to  acquire  and  analyze  tum-by- 
tum  data  from  pick-up  electrodes  in  the  AGS  Booster  dur¬ 
ing  injection.  The  program  determines  several  parameters 
of  the  injected  beam  including  the  tunes  and  the  position 
and  angle  of  the  incoming  beam.  Examples  are  given  for 
both  proton  and  gold  injection. 

1  INTRODUCTION 

Several  years  ago  we  developed  a  computer  program  called 
“PIP”  [1]  to  acquire  and  analyze  tum-by-tum  data  from 
PUEs  (Pick-Up  Electrodes)  in  the  AGS  during  injection. 
Originally,  the  tum-by-tum  data  were  generated  by  a  half- 
turn  pulse  of  beam  (some  2.4  /is  long)  that  was  injected 
and  allowed  to  pass  tum-by-tum  through  a  given  PUE. 
The  resulting  signals  were  digitized  and  the  digital  data 
were  processed  to  yield  the  position  of  the  beam  on  each 
pass  through  the  PUE.  A  several-parameter  function  was 
then  fitted  to  the  position- versus-tum  data  yielding,  among 
other  things,  the  tune  and  the  position  and  angle  of  the  in¬ 
jected  beam.  Recently  we  developed  another  method  for 
generating  the  tum-by-tum  data  in  which  a  half-turn  gap 
or  “hole”  (typically  1  to  10  /xs  wide)  is  chopped  out  of  a 
long  beam  pulse  before  the  pulse  is  injected  into  the  syn¬ 
chrotron.  When  the  “hole”  enters  the  machine  and  passes 
tum-by-tum  through  a  PUE,  it  produces  a  signal  similar  to 
that  of  a  single  half-turn  of  beam.  The  advantage  of  this 
technique  is  that  it  neither  interrupts  the  machine-physics 
processes  occurring  during  the  injection  stacking  nor  (on  a 
more  practical  level)  does  it  interrupt  the  normal  delivery  of 
beam  to  the  Physics  programs.  This  has  been  particularly 
useful  for  studying  the  injection  of  gold  and  other  heavy 
ions  in  the  AGS  Booster  [2]. 

The  program  originally  employed  stand-alone  digitizers. 
These  were  eventually  replaced  with  multi-channel  digi¬ 
tal  oscilliscopes  which  perform  the  necessary  digitization 
and  storage  of  data  and  at  the  same  time  provide  an  instan¬ 
taneous  picture  of  the  signals  to  be  analyzed;  this  makes 
setup  and  verification  of  the  signals  very  easy.  The  pro¬ 
gram  is  now  also  able  to  analyze  the  coupling  between  the 
horizontal  and  vertical  planes.  This  is  essential  for  detailed 
studies  of  heavy  ion  injection  in  the  Booster  where  cou¬ 
pling  is  used  to  enhance  the  injection  efficiency  [2],  Fol¬ 
lowing  is  a  detailed  description  of  the  most  recent  version 
of  the  program,  now  used  primarily  to  study  and  monitor 
the  injection  of  protons  and  heavy  ions  in  the  Booster. 

*  Work  supported  by  the  U.S.  Department  of  Energy. 


Before  digitization,  the  signals  from  the  plates  of  a  given 
PUE  assembly  are  combined  to  produce  a  SUM  signal  pro¬ 
portional  to  the  total  charge  inside  the  PUE  and  a  DIF- 
Ference  signal  proportional  to  the  horizontal  or  vertical 
displacement  of  the  beam  in  the  PUE,  The  SUM  and 
DIFF  signals  are  piped  from  the  Booster  nfig  to  the  MCR 
(Main  Control  Room)  Where  they  are  connected  to  a  multi¬ 
channel  digital  oscilliscope.  We  are  currently  using  LeCroy 
9304A  (Quad  200  MHz)  or  9414  (Quad  150  MHz)  oscil¬ 
liscopes  for  this  purpose.  The  digitized  data  are  transfered 
from  the  oscilliscopes  to  Sun  work  stations  in  the  MCR  via 
a  National  Instruments  GPIB-ENET  IEEE  488  controller. 
A  Lab  View  program  collects  the  data.  Figures  1  and  2 
show  typical  digitized  SUM  and  DIFF  signals  generated 
by  a  half-turn  of  protons  injected  into  the  Booster  and  ob¬ 
served  for  some  40  turns.  (The  revolution  period  here  is 
1.2/xs.) 


Channel 


Figure  1:  Digitized  PUE  SUM  Signal. 


3  DATA  ANALYSIS 

The  digitized  SUM  and  DIFF  signals  collected  from  the 
oscilliscope  are  analyzed  by  a  collection  of  Fortran  subpro¬ 
grams.  The  analysis  begins  with  the  SUM  data  which  serve 
as  a  set  of  markers  for  the  times  when  beam  enters  and  exits 
the  PUE.  Specifically,  the  well-defined  “edges”  in  the  SUM 
signal  allow  one  to  determine  precisely  when  beam  enters 
and  exits  the  PUE  on  each  turn  around  the  machine.  This 
eliminates  the  need  for  any  synchronization  of  the  digiti¬ 
zation  with  the  revolution  period.  Moreover,  it  allows  one 
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Channel 

Figure  2:  Digitized  PUE  DIFF  Signal. 


The  corresponding  FFT  is  shown  in  Figure  4.  The  values 
of  the  fitted  parameters  are  given  in  Table  1 . 


to  establish  local  baselines  for  determining  the  signal  am¬ 
plitude  for  each  pass  through  the  PUE.  For  each  turn  then, 
the  digitization  sample  numbers  (labeled  “Channel”  in  Fig¬ 
ures  1  and  2)  corresponding  to  the  interval  of  time  when 
beam  is  inside  the  PUE  are  located  and  the  average  value 
of  the  SUM  signal  (with  respect  to  the  local  baseline)  is 
computed  over  those  sample  numbers.  The  value  of  the 
DIFF  signal  (with  respect  to  its  local  baseline)  is  averaged 
over  the  same  sample  numbers  for  each  turn.  In  this  way 
one  obtains  an  average  SUM  and  an  average  DIFF  value 
for  each  turn.  The  position,  Xn,  of  the  beam  in  the  PUE  on 
the  nth  turn  is  then  just  a  constant  (which  depends  only  on 
the  geometry  of  the  PUE)  times  the  DIFF  value  divided  by 
the  SUM  value  for  that  turn.  We  have  found  this  treatment 
of  the  SUM  and  DIFF  data  to  be  particularly  robust;  even 
DIFF  signals  with  rather  poor  signal-to-noise  ratios  yield 
surprisingly  good  position- versus-turn  data. 

A  Fast  Fourier  Transform  [3]  of  the  position-versus-turn 
data  gives  the  tune  and  initial  phase  of  the  betatron  oscilla¬ 
tions  at  the  PUE.  Using  these  as  starting  values,  a  function 
of  several  parameters  is  fitted  [4]  to  the  data.  For  the  case 
in  which  there  is  no  coupling  between  the  horizontal  and 
vertical  planes,  the  fitting  function  is  [1] 


Xn  =  C  +  Dn  +  Ae  ^ " )  cos  ip(n) 

(1) 

where 

/(n)  =  {nirAQ}2/2, 

(2) 

and 

t/>(n)  =  27rn{Qo  +  nSQ/2}  +  </>. 

(3) 

Here  the  seven  parameters,  C,  D,  A,  Q0,  </>,  A Q,  and  SQ 
are,  respectively,  the  position  of  the  closed  orbit  at  the  PUE; 
the  change  in  the  closed  orbit  position  per  turn;  the  ampli¬ 
tude,  tune  and  phase  of  the  betatron  oscillations;  the  tune- 
spread  of  the  beam;  and  the  tune-shift  per  turn.  Figure  3 
shows  the  position-versus-turn  data  and  fitted  curve  ob¬ 
tained  from  the  SUM  and  DIFF  signals  of  Figures  1  and  2. 


Figure  3:  Position-vs-Turn  Data  and  Fitted  Curve. 


Figure  4:  FFT  of  Position-vs-Turn  Data. 


Table  1 :  Fitted  Parameters  (Uncoupled  Case) 


C 

0.0(2) 

mm 

D 

0.02(1) 

mm/turn 

A 

6.6(2) 

mm 

Qo 

4.792(1) 

tune 

<t> 

0.283(8)  x  2tt 

radians 

A  Q 

0.006(1) 

tune-spread 

6Q 

-0.00002(5) 

tune/tum 

The  initial  position  and  angle,  Xp  and  X'p,  of  the  beam 
at  the  PUE  are  given  by 

Xp  =  A  cos  <f>  (4) 
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Xp  =  -(A//?){acos0  +  sin0}  (5) 

where  A  and  <f>  are  the  fitted  amplitude  and  phase,  and 
a  and  (3  are  the  Courant-Snyder  lattice  parameters  at  the 
PUE.  The  transfer  matrix  from  the  PUE  to  the  point  of  in¬ 
jection  then  gives  the  initial  position  and  angle  of  the  beam 
at  injection.  The  lattice  parameters  and  transfer  matrix  are 
obtained  from  the  MAD  [5]  code. 

For  the  case  in  which  there  is  coupling  between  the 
planes,  the  fitting  function  is  taken  to  be 

X„  =  C  +  Dn  +  A\  cos  V>i  (n)  +  A2  cos  tp2  (n)  (6) 

where 

xjji (n)  =  2nnQi  +  <f>\ ,  tp2(n)  —  27tnQ2  +  <p2-  (7) 


Here  we  assume  that  the  tune-shift  per  turn  and  the  loss 
of  coherence  due  to  tune-spread  are  negligible.  The  six 
parameters  Ai,  A2,  Q\,  Q2,  <pi,  <t>2  are  the  amplitudes, 
normal-mode  tunes,  and  initial  phases  of  the  coupled  be¬ 
tatron  oscillations.  Figure  5  shows  the  position-versus-tum 
data  and  fitted  curve  obtained  for  gold  ions  in  the  Booster 
with  linear  coupling  introduced  during  injection.  The  cor¬ 
responding  FFT  in  Figure  6  clearly  shows  the  two  normal¬ 
mode  tunes.  The  values  of  the  fitted  parameters  are  given 
in  Table  2.  As  with  the  uncoupled  case,  the  program  calcu- 


Figure  6:  FFT  of  Position- vs-Tum  Data. 


using  the  fitted  parameters  and  the  lattice  parameters  at  the 
PUE.  The  explicit  formulae  used  are  given  in  Ref.  [6].  The 
transfer  matrix  from  the  PUE  to  the  point  of  injection  then 
gives  the  initial  position  and  angle  of  the  beam  at  injection. 
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Figure  5:  Position-vs-Tum  Data  and  Fitted  Curve. 


Table  2:  Fitted  Parameters  (with  Coupling) 


Ax 

4.2(1) 

mm 

a2 

1.8(1) 

mm 

Qi 

4.726(1) 

tune 

Q2 

4.800(1) 

tune 

<t>  i 

0.58(1)  x  2tt 

radians 

<t> 2 

0.44(2)  x  2? t 

radians 

lates  the  initial  position  and  angle  df  the  beam  at  the  PUE 
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THE  ONLINE  CHARACTERIZATION  OF  THE  MAIN  INJECTOR  BPM 

A.  A.  Hahn,  Fermi  National  Accelerator  Laboratory,  Batavia  II,  60510* 


Abstract 

The  design  of  the  Main  Injector  beam  position  monitor 
(BPM)  was  driven  by  the  desire  to  minimize  its  beam 
impedance  and  longitudinal  space  requirements.  The 
resulting  BPM  consists  of  four  striplines  inset  into  a 
section  of  Main  Injector  Beam  pipe.  The  striplines  are 
combined  in  pairs  to  form  either  a  horizontal  or  a  vertical 
BPM  by  switches  located  nearby  in  the  tunnel.  The  BPM 
response  is  decidedly  non-linear  and  furthermore  shows 
sensitivity  to  the  beam  position  on  the  orthogonal  axis. 
This  paper  presents  the  method  in  which  consecutive 
measurements  in  both  planes  are  used  to  derive  the  actual 
(x,  y)  position  in  an  online  environment. 

1  INTRODUCTION 

The  Fermilab  Main  Injector  (FMI)  was  designed  as  a  high 
intensity  medium  energy  (150  GeV)  injector  into  the 
Tevatron  to  replace  the  original  Main  Ring  Accelerator.  In 
addition  the  FMI  can  operate  as  a  120  GeV  Fixed  Target 
Accelerator  and  antiproton  production  facility.  In  either 
modes  the  anticipated  particle  intensities  are  expected  to  be 
high  (>3  1013).  In  order  to  avoid  beam  instabilities  it  was 
desired  to  reduce  any  sources  of  beam  impedance.  The 
resulting  BPM  [1,  2,  3]  consists  of  four  striplines  inset 
into  a  section  of  Main  Injector  Beam  pipe,  which  to  the 
beam  appears  as  nearly  as  possible  as  just  another  section 
of  beampipe.  The  striplines  are  grounded  at  one  end  and  a 
sheet  metal  vacuum  enclosure  is  welded  over  the  inserts. 


Figure  1.  Schematic  drawing  of  MI  BPM. 

A  front-view  diagram  is  depicted  in  figure  1 .  The  design 
was  also  guided  by  the  desire  to  minimize  non-magnetic 
space,  so  the  entire  BPM  can  be  inserted  into  one  end  of  a 
quadrupole  magnet. _ 


*Operated  by  Universities  Research  Association  under 
contract  with  the  U.S.  Department  of  Energy 


The  four  striplines  are  combined  in  pairs  to  provide  either 
horizontal  or  vertical  BPM’s.  This  summing  of  the 
individual  plates  is  accomplished  by  an  external  switching 
box  located  in  the  tunnel  next  to  the  BPM.  Whether  a 
BPM  operates  as  a  horizontal  or  a  vertical  pickup  can  be 
changed  from  the  control  room.  However  the  slow  nature 
of  the  switches  (relays)  prevents  the  simultaneous 
measurement  of  both  planes.  The  two  summed  signals  are 
cabled  to  the  Service  Building.  This  scheme  was 
implemented  as  a  cost  saving  method,  as  two  cabling  runs 
per  BPM  were  eliminated  and  the  old  Main  Ring 
processing  electronics  could  be  reused.  The  disadvantage  of 
this  scheme  is  due  to  the  particular  characteristics  of  these 
BPM’s.  Not  only  do  the  BPM’s  exhibit  a  non-linear 
response,  but  they  are  also  relatively  sensitive  to  the  beam 
position  in  the  orthogonal  plane.  Since  we  can  read  only  a 
single  plane  at  a  time  during  the  acceleration  cycle,  two 
acceleration  cycles  are  needed  to  capture  both  horizontal 
and  vertical  measurements.  The  assumption  is  that  the 
two  cycles  are  (nearly)  identical.  The  default  configuration 
of  the  BPM  system  is  such  that  horizontally  focusing 
quads  have  horizontal  BPM  configurations,  and 
horizontally  defocusing  quads  have  vertical  BPM 
configurations.  This  is  called  the  (normally)  “ON” 
configuration.  The  switched  configuration  is  referred  to  as 
the  (normally)  “OFF’  configuration  (vertical  BPM  in 
horizontally  focusing  quad  and  horizontal  BPM  in 
horizontally  defocusing  quad). 

2  CHARACTERIZATION  OF  THE 
BPM  RESPONSE 

Figure  2  shows  the  response  of  a  particular  BPM  that  was 
measured  by  the  stretched  wire  method  [4].  The  wire  was 
moved  on  an  x-y  grid  with  5  mm  gridlines  between  Ixl  < 
25mm,  and  lyl  <  15mm.  The  horizontal  (and  vertical) 
positions  are  plotted  as  a  function  of  the  voltage  output 
(Vrf)  by  the  processing  electronics  RF  module  [5],  The 
family  of  curves  is  the  result  for  the  wire  at  different 
vertical  (horizontal)  positions.  The  dots  are  the  actual  data 
points,  while  the  curves  are  the  result  of  fitting  the  data 
with  the  function,  Position(Vrf)  =  a0+al*Vrf+a2*Vrf3.  As 
one  can  see  the  fit  is  reasonably  accurate  over  the  range  of 
the  data.  However  it  can  be  noticed  that  a0,  au  and  a2,  are 
themselves  functions  of  the  orthogonal  coordinate  of  the 
wire. 

The  coefficients,  a0,  au  and  a2,  for  a  particular  BPM  are 
plotted  as  a  function  of  the  orthogonal  coordinate  in  figure 
3.  The  shape  of  the  curves  for  a,  and  a2  vs.  the  orthogonal 
coordinate  is  similar  to  a  gaussian  and  in  actual  fact,  we 
have  fit  this  data  to  a  gaussian  function  with  a  pedestal  as 
a  way  to  characterize  the  functional  dependence  of  the 
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Figure  2.  The  Position  vs.  Vrf  for  a  particular  MIBPM  as  a  stretched  wire  is  moved  on  a  x-y  grid  (5mm  spacing). 
The  left  (right)  plot  is  that  BPM  configured  as  a  horizontal  (vertical)  BPM.  Only  the  positive  positions  are  shown 
for  reasons  of  plot  legibility. 


coefficients  on  the  orthogonal  coordinate.  When  all 
BPM’s  are  put  through  this  analysis,  the  average 
parameterizations  for  a,  and  represent  the  BPM’s 
adequately. 

Only  Oq  tends  to  defy  parameterization.  One  reason  is  that 
this  coefficient  is  very  sensitive  to  actual  electrical  and 
mechanical  aspects  of  the  BPM  construction,  whereas  the 
linear  and  cubic  terms  are  more  representative  of  the 
electric  field  map  (which  in  any  case  would  contain  only 
odd  powers  of  Vrf).  The  actual  a ,  and  a2  were  taken  from 
the  entire  BPM  ensemble  average.  The  choice  for  was 
the  value  found  by  averaging  Oq  over  the  orthogonal 
coordinate  for  each  individual  BPM.  The  final  result  is 
that  each  BPM  has  a  unique  a0,  but  all  BPM’s  share  a 
common  a,  and  a 2,  or 


^,y)  =  4  +  <(y)^+<(y)V/ 

y(Vrf>x)  =  4+  aftoty  +  a>2  (x)Vrf3 
where. 


2)c 


+  B, 


’(1,2)  > 


(1) 


and  similarly  for 

The  values  for  A,  a,  B  are  given  in  table  1  for  a,  and  a2. 
The  algorithm  for  calculating  the  actual  beam  positions,  x 
and  y,  is  as  follows  (for  a  particular  BPM). 

1)  Using  the  measured  Vrf  from  the  “On”  and  “Off’  BPM 
configurations,  the  zeroth  order  positions  are  calculated 
assuming  the  orthogonal  measurement  is  zero,  i.e. 


x(Vf,0)  =  a0+a*(0)Vlf+ax2(0? 

y(^,0)  =  «o+a>'(O)^+fl>(O)3. 

2)  Using  these  values  for  x  and  y,  the  equation  is  iterated. 

3)  When  the  change  of  x  and  y  is  below  some  threshold 
(e.g.  0.1  mm)  or  after  a  maximum  number  of  iterations, 
the  iteration  stops.  Typically  this  is  less  than  7  iterations 
for  positions  <+  10mm. 

Table  1.  Parameterization  of  coefficients  ai2  on  the 
orthogonal  plane  position.  The  function  is  a  gaussian  of 
amplitude  A,  rms  width  a,  and  pedestal  B.  See  equation  1. 


i  Horizontal  Coefficients  I 

A 

a 

B 

WMWk 

6.07e-l 

10.5 

0.459 

I SRM 

1.16e-3 

12.0 

-2.81e-4 

Vertical  Coefficients  1 

rn 

A 

a 

B 

KauH 

7.19e-l 

8.18 

0.915 

mm 

2.27e-3 

3.79 

-4.31e-4 

Using  this  prescription,  the  data  from  the  wire 
measurements  of  all  the  BPM’s  were  fed  back  into  the 
analysis.  For  positions  within  ±10mm  of  the  BPM 
center,  the  rms  error  over  the  BPM  ensemble  is  less  than 
0.33  mm.  The  residual  difference  between  the  actual 
position  and  the  parameterized  curve  is  less  than  1.0  mm 
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X  Coefficients  as  function  of  Y  Y  Coefficients  as  function  of  X 


Figure  3.  The  variation  of  the  coefficients  a,  as  a  function  of  the  orthogonal  plane  position.  The  points  were 
derived  from  the  fitted  curves  of  figure  2,  while  the  lines  (for  a,  and  a2)  are  derived  from  fitting  the  points  to  a 
gaussian  function  (see  text).  In  the  case  of  aO,  the  line  simply  connects  the  points.  It  should  be  noted  that  a2 
has  been  multiplied  by  1000  for  display  purposes  on  this  plot. 


rms.  This  level  of  absolute  accuracy  is  adequate  as  the 
smallest  beam  rms  size  will  typically  be  -1.0  mm  at 
extraction).  Precision  use  of  the  bpm  system  is  usually 
confined  to  lattice  studies.  Since  under  these 
circumstances,  only  orbit  differences  matter,  the  precision 
will  be  much  better. 

3  CONCLUSION 

It  is  possible  to  parameterize  the  response  of  the  MI  BPM 
system,  even  though  the  behavior  of  the  pickups  is  non¬ 
linear  and  exhibits  a  significant  cross  plane  coupling. 
During  Main  Injector  Commissioning,  it  has  been 
possible  to  ignore  the  cross  plane  effect  and  use  the 
system  as  a  “normal”  BPM  system  (as  of  this  writing,  the 
implementation  of  remote  switching  of  the  tunnel  switch 
boxes  has  been  delayed  due  to  other  considerations).  Once 
we  begin  to  systematically  study  the  MI,  the  higher 
precision  needed  will  require  the  use  of  the  cross  plane 
knowledge  to  correct  the  BPM  response. 

Currently  the  algorithm  (iteration  scheme)  has  been 
written  and  installed  in  the  Console  Application  written 
for  the  MI  BPM  system.  Since  the  BPM  digitizer  is  only 
an  8-bit  system,  it  is  possible  to  implement  the  algorithm 
as  a  65k  element  x-y  lookup  array.  As  future  hardware 
would  most  likely  use  a  higher  bit  ADC,  it  has  not 
seemed  worthwhile  to  make  this  change  (in  addition 
modem  processors  make  the  iterative  method  very  fast). 
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Abstract 

Log-ratio  processor  working  at  500MHz  applied  to 
tum-by-tum  beam  position  measurement  was  implemented. 
The  processor  circuit  consists  of  two  logarithmic  amplifiers 
and  a  subtraction  circuit.  The  output  value  is  proportional 
to  beam  position.  Before,  the  upper  usable  frequency  of 
logarithmic  amplify  is  lower  than  500MHz.  At  present, 
several  manufacturers  support  higher  upper  usable 
frequency  of  logarithmic  amplifiers.  In  this  paper,  we  will 
present  the  performance  test  result  of  the  500MHz  log-ratio 
processor  applied  to  tum-by-tum  BPM  electronics. 

1.  INTRODUCTION 

Wells  and  Gilpatrik  et  al.  [1,2]  have  mentioned  log- 
ratio  processor  working  at  100  MHz  to  500  MHz.  Most  of 
the  log-ratio  processors  need  down  converter  to  translate 
interested  frequency  to  this  working  intermediate 
frequency  (100KHz~100MHz).  Electronics  working  at 
bunch-crossing  frequency  can  reduce  the  complexity  of 
signal  processing  chain.  Benefited  from  the  promising 
progress  in  wireless  communication  recently,  low  cost  wide 
bandwidth  logarithmic  amplifier  is  available.  The  BPM 
electronics  based  upon  this  complete  multistage  log- 
amplifier  is  highly  interesting  due  to  its  low  cost  and 
simple.  The  bunch-crossing  rate  of  SRRC  storage  ring  is 
500  MHz.  The  turn-by-turn  beam  position  signal  processed 
by  using  log-ratio  processor  directly  working  at  500MHz  is 
reported  here.  This  system  is  working  at  single  bunch  or 
multi-bunch  operation  mode.  Two  versions  of  amplifiers 
have  been  tested.  One  is  a  commercial  log-amplifier 
module,  another  is  using  complete  multistage  log-amplifier 
chip.  The  preliminary  test  result  is  presented  here. 

2.  LOG-RATIO  ELECTRONICS  FOR  TURN-BY¬ 
TURN  BEAM  POSITION  DETECTION 

The  logarithmic  amplifier  feature  includes  large  input 
dynamic  range,  bandwidth  500MHz  or  more,  easy  to  use, 
low  cost,  and  so  on.  The  detection  signal  at  RF  frequency 
provide  a  simple  solution  compared  with  difference-over- 
sum  or  AM/PM  conversion  approaches.  Normally, 
logarithmic  amplifier  applied  to  a  very  wide  range  IF  and 
RF  power  measurement.  The  logarithmic  amplifier  and  a 
subtraction  circuit  (sum,  difference,  ...etc)  have  been 
applied  to  beam  position  /  intensity  measurement  module 
[2]  [3],  A  logarithmic  amplifier  function  is  expressed  as 
equation  (1). 

Vout=Vslop  log  (Pin  /  Po)-  (!)■ 


where: 

V0ut  is  the  demodulated  and  filtered  output. 
V slope  is  the  logarithmic  slop  (V/dB). 

Pin  is  input  power. 

P0  is  the  logarithmic  intercept. 


Logrithm  Amplifier  #1 


Figure 1:  500MHz  log-ratio  processor. 


The  500MHz  log-ratio  processor  consists  of  the  500 
MHz  band-pass  filter  and  two  logarithmic  amplifiers  and  a 
differential  amplifier  as  show  in  Fig.  1.  Log-ratio  processor 
output  direct  proposition  to  normalize  beam  position  X  is 
expressed  in  equation  (2). 

X  =  K  ( A/E)  =  Klog(A/B) 

=  Vout  (2) 

The  revolution  of  storage  ring  is  2.5MHz.  BPMs, 
hybrid  junctions,  500MHZ  band-pass  filters  (15MHz 
bandwidth)  and  log-ratio  processor  make  up  the  tum-by- 
tum  measurement  system. 


Figure  2:  Block  diagram  of  the  tum-by-turn  BPM  system. 
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The  button  electrode  of  BPM  is  mounted  on  skew 
position.  Hybrid  junctions  were  used  to  transform  the  BPM 
as  horizontal  or  vertical  direction  BPM.  The  stored  beam 
induces  an  impulse  like  doublet  at  button  electrode.  After 
the  hybrid  junctions,  the  output  of  BPF  is  impulse  response 
with  500  MHz  center  frequency.  The  electron  beam  signal 
induced  by  the  BPM  buttons  to  pass  through  hybrid 
junction  and  the  log-ratio  processor  to  VME  based 
transient  digitizer.  The  clock  of  the  transient  digitizer  is  the 
revolution  clock.  The  digitizer  records  the  turn-by-tum 
beam  position.  The  system  is  useful  for  studying  the 
nonlinear  beam  dynamics.  In  this  report  we  attempt  to  use 
two  versions  of  logarithmic  amplifiers.  One  is  a 
commercial  log-amplifier  module,  which  was  made  by 
discreet  components.  Another  is  to  use  the  log-amplifier 
chip.  Results  of  both  versions  of  log-ratio  processors  are 
similar. 

3.  PRELIMINARY  BEAM  TEST  RESULTS 

Implement  the  turn-by-tum  BPM  electronics  by  using 
500  MHz  log-ratio  processor  is  the  goal  of  this  study.  The 
preliminary  beam  test  was  done  to  evaluate  the 
performance  of  log-ratio  processor.  The  turn-by-turn  beam 
position  measurement  of  a  stable  beam  was  used  to 
estimate  resolution  of  processing  electronics.  Fig.3  shows 
the  beam  position  data  is  scattered  in  a  small  region.  The 
resolution  of  electronics  is  estimated  about  100  pm  when 
beam  current  is  10  mA.  The  processor  can  keep  its 
resolution  with  the  stored  beam  down  to  1  mA.  For  a 
routine  use,  the  further  improvement  is  needed. 


Beam  Position 

Figure3:  Histogram  of  the  beam  position  reading  when 
beam  is  stable. 

One  of  an  injection  kicker  was  used  to  excite  horizontal 
betatron  oscillation  of  the  stored  beam,  the  kick  angle  is 
about  1  mrad,  and  the  beam  will  undergo  damped 
oscillation  as  shown  in  Fig.  4.  The  horizontal  tune  at 
measurement  is  7.196.  The  damping  is  strong  which  is 
lattice  dependent.  From  the  measured  data,  it  confirms  that 
the  system  is  working  well  in  tum-by-turn  BPM  signal 
processing  at  the  bunch  crossing  frequency. 


Turns 


Figure  4:  Horizontal  turn-by-tum  beam  position,  Vx=7.196 

To  explore  more  depth,  we  set  the  tune  near  fourth 
order  resonance  (4Vx  =29).  The  turn-by-turn  beam  position 
and  the  phase  space  plot  are  shown  in  Fig.  5  and  Fig.  6.  The 
kick  strength  is  about  1 .5  mrad  in  this  measurement.  The 
spiral  like  arm  damp  rapidly.  De-coherence  and  re¬ 
coherence  is  observed  from  the  turn-by-tum  beam  position 
data. 


Figure  5:  Horizontal  turn-by-turn  beam  position,  near  4Vx 
=29  resonance. 
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Figure  6:  Phase  space  plot,  near  4Vx  =29  resonance. 
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4.  PERFORMANCE  TEST  OF  LOG-AMP  CHIPS 

Various  measurements  are  performed  to  familiarize  the 
behavior  of  log-amplifier  chips  working  at  500  MHz  [5]. 
The  output  voltage  as  a  function  of  input  power  is  shown  in 
Fig.  7.  The  slope  is  20  mV/dB.  The  log  linearity  of  the  chip 
working  at  500  MHz  is  shown  in  Fig.  8.  The  output 
linearity  is  less  than  ±  0.5  dB  without  correction.  The 
linearity  is  acceptable  for  BPM  signal  processing.  Over  70 
dB  dynamic  range  (-70dBm  -  lOdBm)  is  also  applicable  in 
BPM  application. 

AD8309 

_  y  =  0.01 83x  +  1.7757 

| - Y  - LSD.AD8309  |  R2  =  0.9968 


-80  -60  -40  -20  0  20 

Input  Power  (dBm) 

Figure  7:  Output  vs.  input  power.  Frequency  for  500MHz, 
Single-Ended  Input. 


Figure  8:  Log  linearity  of  logarithmic  amplifier  output  vs. 
input  power,  at  frequency  of  500  MHz. 


The  preliminary  test  of  log-amplifier  chip  (AD8309) 
based  log-ratio  processor  was  used  for  this  test.  The 
corrected  data  is  shown  in  Fig.  9.  The  vertical  scale  is  in 
voltage,  and  the  horizontal  scale  is  in  dBm.  The  input  RF 
signals  to  both  channels  are  offset  by  -5dBm  to  5dBm. 
Important  characteristics  to  note  in  the  graph  of  Fig.  8  is 
that  the  curve  exhibit  the  dynamics  range  of  the  test.  For  a 
properly  performing  log-ratio  system,  the  line  will  be 
centered  about  zero  offset  and  be  flat.  The  performance 
will  be  improved  after  a  special  care  during  the  layout. 

5.  SUMMARY 

This  paper  presents  a  log-ratio  processor  working  at 
500  MHz  for  a  tum-by-tum  beam  position  measurement 
that  eliminates  the  need  of  down-converter.  Preliminary 
results  showed  100  [i  m  resolution  was  achievable  with 
simple  electronics.  Commercial  logarithmic  amplifier  chips 
(e.g.  AD8309)  which  could  work  at  500  MHz  directly  are 
highly  interested.  The  test  of  usability  of  AD8309  for 
500MHz  application  was  also  performed.  The  new 
electronics  for  the  beam  position  monitor  on  the  booster- 
to-storage  ring  transport  line  will  be  installed  with 
dedicated  log-ratio  processors  soon. 
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Figure  9:  The  output  voltage  offset  of  the  Log-ratio 
processor  when  difference  input  power. 
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Abstract 

The  booster  of  SRRC  is  a  1 .3  GeV  synchrotron  with  10 
Hz  repetition  rate.  Electron  beam  from  50  MeV 
accelerates  to  1.3  GeV  within  50  msec.  It  serves  as  the 
injector  for  1 .3-1.5  GeV  storage  ring  of  Taiwan  Light 
Source  (TLS).  To  reduce  heat  related  problem  in  the 
machine  and  beamline  optics,  1.5  GeV  full  energy 
injection  is  scheduled  in  near  future.  The  closed  orbit 
measurement  system  of  booster  synchrotron  consists  of 
23  set  of  BPMs,  multiplexes,  500MHz  receivers,  timing 
control  electronic  and  VME  bus  transient  digitizer.  The 
closed  orbit  is  sampled  every  150  fi  sec,  600  orbits 
acquired  while  the  energy  ramping.  The  closed-orbit  is 
observed  as  function  of  energy.  The  orbit  change  due  to 
imperfection  of  lattice  and  slow  pulse  magnet  is  easily 
observed.  This  system  is  expected  to  provide  us  abundant 
information  to  improve  the  operation  efficiency,  trouble 
shoot  of  booster. 

1.  INTRODUCTION 

In  the  SRRC  booster  synchrotron,  dipole  and 
quadruple  are  drive  by  White  circuit  working  in 
resonance  excitation.  To  achieve  high  performance  of  the 
magnet  system  operation  condition  is  crucial.  Closed- 
orbit  measurement  is  helpful  to  optimization  conditions 
of  the  magnet  system,  which  includes  excitation  level, 
phasing  of  individual  magnet  family,  and  tracking 
between  different  family  of  magnet.  The  closed-orbit 
system  to  provide  useful  information  of  energy 
dependent  in  closed-orbit  are  related  with  tracking 
condition  of  magnet  excitation,  lattice  error  and 
correctors  setting,  optimized  these  injection  and 
extraction  elements  condition.  Booster  energy  is 
expected  upgrade  from  1.3  GeV  to  1.5  GeV  on  October 
1999.  Major  power  supply  will  replace  due  to  present 
equipment’s  have  not  enough  rating  to  run  in  1.5GeV.  At 
that  time  the  beam  closed-orbit  can  to  become  useful  re¬ 
commingling  tool. 

Several  years  ago,  a  simple  standalone  closed  orbit 
measurement  system  has  been  setup  [1].  In  order  to, 
understand  more  about  the  booster  and  its  beam  dynamic 
behavior,  a  new  design  was  established.  The  new  system 
will  be  integrated  with  the  control  system  of  the  machine. 
An  advanced  graphical  user  interface  will  also  be 
installed  to  aid  machine  physicists  and  operators. 


2.  SYSTEM  DESCRIPTIONS 
In  the  SRRC  booster  synchrotron,  the  beam  position 
monitor  (BPM)  are  locate  in  upstream  and  downstream 
of  dipole  magnets  as  shown  in  Fig.  1,  except  one  location 
is  reserved  as  synchrotron  radiation  diagnostic  port 
(location  12  of  BPM).  There  are  23  BPMs  mounted 
around  the  ring  totally  for  closed-orbit  measurement. 

The  system  use  two  stages  500  MHz  RF  multiplexer 
to  eliminate  high  cost  matter,  the  multiplexes.  The  first 
stage  RF  multiplexes  are  similar  with  ESRF  booster  RF 


Figure  1 :  BPM  layout  in  Booster  synchrotron. 


Booster  Synchrotron  BPM  Electronics  -  Block  Diagram 

Figure  2:  Closed  Orbit  measurement  system."-'”"’ 

MUX.  The  ESRF  version  work  at  352  MHz  while  SRRC 
work  in  500  MHz.  One  BPM  accompany  with  one  4-to- 
1  RF  multiplexer.  The  second  are  also  4-1  RF  MUXs 
off-the-shelf  products.  All  multiplexes  driver  and  power 
supply  are  mounted  on  a  distribution  box. 

The  schematic  diagram  of  the  closed  orbit 


0-7803-5573-3/99/$  10.00@  1999  IEEE. 


2072 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


measurement  is  shown  in  Fig.2.  It  uses  23  sets  (BPM12  is 
dummy  BPM)  of  electron  beam  position  monitor.  The 
BPMs  divided  into  four-measurement  group  and  parallel 
process  to  reduce  the  orbit  acquisition  cycle  time.  Each 
button  takes  6  (j.  sec  to  acquire  the  signal  from  the 
electron  beam.  One  processing  channel  handle  6  BPMs 
(24  buttons  plus  1  reserved),  But  BPM  12  is  dummy.  The 
acquisition  time  for  each  closed  orbit  need  to  150  li  sec. 
Four  heterodyne  receives  are  used  in  this  system.  The 
dynamic  range  of  signal  processing  chain  is  about 
from  -60  dBm  to  0  dBm,  which  corresponds  to  beam 
current  0.1  to  10  mA. 

The  timing  sequence  generator  provides  the  dock  for 
digitizer  and  the  scan  sequence  of  RF  multiplexes.  As  the 
timing  system  receives  enable  and  10Hz  trigger  signal, 
the  data  acquisition  system  and  multiplexes  system  are 
immediately  switched  on.  The  signals  picked  up  by  the 
buttons  of  electrodes  pass  through  the  multiplexes  and 
receiver  to  arrive  the  VME-based  digitizer  for  further 
processing. 

3.  SOFTWARE  STRUCTURE 

The  development  of  software  for  this  closed  orbit 
measurement  system  is  divided  into  the  low  level  data 
acquisition  and  the  GUI  presentation  in  the  console. 
The  law  data  acquisition  software  utilizes  a  VME  based 
electronics  system.  It  is  responsible  for  setting 
parameters  of  the  data  acquisition  module,  calculating 
beam  position  from  raw  data,  arranging  the  data 
acquisition,  and  uploading  data  to  the  console 
workstation.  The  function  of  software  on  workstation 
includes  data  request,  user  interface,  and  data 
presentation.  The  console  display  will  show  the  beam 
position  vs.  energy,  the  closed  orbit  at  different  energy, 
the  closed  orbit  difference  between  different 
energy,  ...etc.  Machine  physicists  and  operator  can 
easily  to  use  the  presentation  to  understand  the 
condition  of  the  booster. 


I***"’! 


BPM IX  (m) 

Figure  3:  Histogram  of  beam  position  resolution, 
standard  deviation  1  o  =200  (i  m. 

4.  BEAM  TESTS  AND  APPLICATION 

To  verify  performance  of  the  system,  various  beam 
tested  have  been  performed.  Histogram  of  a  typical  beam 
position  reading  is  shown  in  Fig.  3,  the  standard 
deviation  is  about  200  / 1  m  which  is  the  resolution  of 
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Figure  4:  Typical  beam  position  reading  of  BPM22  vs. 
time  (energy). 

BPM  signal  processing  chain.  That  resolution  can  keep 
for  the  operating  current  range  from  0.5  to  5  mA  in 
multi-bunch  operation  mode. 

The  orbit  displacement  of  electron  beam  in  booster 
as  a  function  of  ramping  energy  is  expected  large, 
which  is  dependent  on  tracking  of  magnet  excitation 
and  error  of  lattice.  Figure  4  shows  the  beam  position 
varied  as  function  of  ramping  time  (energy).  The 
electron  beam  is  injected  into  the  booster  with  energy 
of  50  MeV  at  0  msec.  It  increases  gradually  to  1.3  GeV 
within  50  msec,  then,  decreases  when  passing  50  msec. 
Figure  4  shows  that  the  beam  position  is  changing  at 
low  energy  side  and  approaches  a  steady  state  as  beam 
energy  rises  higher  enough.  The  spike  shown  in  the 
beam  position  reading  is  due  to  the  turn-on  of 
extraction  bumpers  during  the  data  taking. 


BPMs 


(a)  Horizontal. 


(b)  Vertical. 

Figure  5:  50  MeV  -1.3  GeV  closed  orbit  variation. 
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Figure  6:  Beam  position  evolution  of  two  BPMs  vs. 
energy. 

The  energy  dependence  in  closed  orbit  is  related 
with  tracking  condition  of  magnet  excitation,  lattice 
error  and  corrector  settings.  To  optimize  these 
operating  parameters,  the  closed  orbit  measurement  at 
various  beam  energies  is  helpful.  With  an  exaggerated 
tracking  condition,  the  orbits  displacement  from  50 
MeV  to  1.3  GeV  at  each  BPM  position  are  shown  in 
Fig.  5.  The  actual  displacement  between  these  energies 
is  small.  The  typical  energy  dependent  position  change 
of  SRRC  booster  is  shown  in  Fig.  6.  In  the  figure,  it  is 
shown  that  the  beam  energy  reaches  1.3  GeV  and 
decreases  again,  but  the  beam  position  does  not  follow 
the  ramp  up  route.  This  phenomenon  may  be  the  result 
of  tracking  characteristics  and  hysteresis  properties  of 
magnet.  As  for  which  one  is  the  major  contributor,  a 
further  study  should  be  performed. 
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Figure  7:  Beam  position  at  serial  BPMs,  the  bump  occurs 
near  50  msec  is  due  to  excitation  bump  turn  on. 

The  extraction  scheme  of  the  booster  synchrotron  is 
to  use  one  kicker,  three  extraction  bumpers  and  one 
septum.  Three  extraction  bumpers  produce  a  2  msec 
half-sine  bump  to  aid  the  extraction  process.  During  the 
routine  operation,  the  extraction  condition  seems  not  so 
critical  to  the  beam  extraction.  However,  the 
optimization  of  the  extraction  condition  to  improve  the 
extraction  efficiency  and  minimize  the  radiation  loss  is 
needed.  It  is  clear  that  a  non-closed  bump  was  created 


between  the  first  bumper  and  third  bumper,  seven 
BPMs  (BPM  1,5,9,13,16,17,21)  are  selected  for  display 
purpose.  BPM  16  and  BPM17  are  located  inside  the 
bump.  The  bump  occurs  at  about  50  msec  after  the 
electron  beam  injected  into  the  booster.  All  data  have 
been  added  with  different  offset  for  display  purpose. 
The  optimization  of  bumper  condition  can  be  done 
easily  by  the  closed  orbit  measurement  system. 

The  condition  of  extraction  septum  is  related  to  the 
extraction  efficiency  of  the  booster.  During  last  several 
years,  the  short  circuit  of  the  extraction  septum 
happened  several  occasions  due  to  the  electron  beam 
hitting  directly  the  structure  of  septum  and  the  heat 
melted  part  of  the  structure.  The  beam  position  reading 
at  upstream  and  downstream  of  extraction  septum  will 
be  useful  to  assure  the  trajectory  of  stored  beam  and 
prevent  electron  beam  from  hitting  the  septum  directly. 

5.  SUMMARY 

We  have  set  up  a  beam  position  acquisition  system 
to  acquire  the  closed  orbit  of  SRRC  booster 
synchrotron.  The  orbit  acquisition  time  is  150  psec.  Its 
performance  was  evaluated  by  beam  tests.  The  energy- 
dependent  behavior  of  beam  position  was  observed 
clearly.  The  bump  produced  by  extraction  bumpers  was 
also  studied  [2,3].  The  system  will  be  useful  to  optimize 
the  operation  condition,  such  as  tracking  condition  of 
magnet  excitation,  extraction  bump,  preventing  electron 
beam  from  striking  the  septum,  ...etc.  A  closed  orbit 
measurement  system  will  be  also  useful  for  the  re¬ 
commissioning  of  1.5  GeV  booster  synchrotron  in  the 
near  future.  Further  study  on  the  orbit  response  is 
planed  [4].  The  booster  can  also  be  operated  at  low 
currents  (<10  mA),  low  energy  (<800  MeV),  and  short 
lifetime  storage  mode  for  various  machine  test  in  near 
future.  At  present,  the  rating  of  magnet  power  supplies, 
injection  scheme  and  vacuum  condition  limit  it.  The 
closed  orbit  measurement  system  is  expected  to  be 
useful  for  this  mode  of  operation. 
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Abstract 

For  electron  beam  orbit  observation  at  the  TESLA  Test  Fa¬ 
cility  FEL  one  undulator  module  will  be  equipped  with 
ten  waveguide-type  beam  position  monitors  having  a  de¬ 
sign  frequency  of  12  GHz.  Since  the  operation  of  this 
waveguide  BPM  is  related  to  microwave  concepts,  a  pre¬ 
cise  characterization  of  its  microwave  behaviour  is  neces¬ 
sary  to  describe  and  optimize  the  system  performance.  The 
purpose  of  this  paper  is  to  summarize  the  theory,  differ¬ 
ent  simulations  and  measurements  of  the  device.  Calcu¬ 
lations  and  MAFIA  simulations  are  presented  for  the  cou¬ 
pling  into  the  ridged  waveguide  as  well  as  for  the  design 
of  the  waveguide-to-coax  transition.  Beside  that  the  reso¬ 
nant  frequencies  of  trapped  modes  inside  a  waveguide  are 
estimated.  Finally,  back  reactions  on  the  electron  beam  in 
terms  of  Wakefields  are  estimated  by  numerical  simulations 
and  by  a  simple  analytical  model. 

1  MOTIVATION 

The  Free  Electron  Laser  (FEL)  at  the  TESLA  Test  Facility 
(TTF)  [1]  is  designed  for  a  radiation  in  the  spectral  band 
from  VUV  to  soft  X-rays.  To  ensure  the  overlap  between 
photon  and  electron  beam,  the  undulator  modules  will  be 
equipped  with  beam  position  monitors  (BPM)  and  correc¬ 
tors.  For  the  BPMs,  the  realization  of  two  different  system 
concepts  with  small  vertical  dimension  is  under  way  [2]. 
Beside  that,  diagnostic  ports  between  two  adjacent  modules 
are  foreseen.  A  BPM  system  consists  of  a  transducer  close 
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Figure  1 :  One  BPM  plane  with  two  waveguides. 

to  the  beam,  transmission  lines,  signal  processing  electron¬ 
ics,  and  control  software.  This  paper  concentrates  on  the 
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microwave  components  close  to  the  beam  realizing  the  cou¬ 
pling  to  the  magnetic  field,  and  the  transmission  to  the  50  Cl 
system  outside  the  vacuum  chamber.  Fig.l  shows  the  first 
part  of  the  transmission  line  for  two  waveguide  channels. 

2  GENERAL  BPM  CONCEPT 

Because  of  limited  space  in  vertical  direction  and  due  to 
short-bunch  operation,  a  microwave  concept  was  consid¬ 
ered  for  a  BPM  system.  With  four  slots  and  waveguides  a 
position  sensitive  signal  from  the  electro-magnetic  field  of 
the  electron  beam  will  be  detected.  Because  of  space  lim¬ 
its  one  BPM  consists  of  two  waveguide  pairs  grouped  in 
planes  separated  in  beam  direction.  One  BPM  channel  with 
the  objects  discussed  in  this  paper  is  sketched  in  Fig.2.  The 


SLOT  TRANSFORMER 


Figure  2:  Zoom  into  vacuum  chamber  with  one  BPM 
channel  and  electro-magnetic  field  distribution. 


magnetic  field  penetrates  through  a  slot  into  the  waveguide. 
The  amplitude  of  the  excited  fundamental  mode  is  directly 
proportional  to  beam  offset.  To  enable  a  good  coupling 
to  the  vacuum  feedthrough  a  short  rectangular  coaxial  line 
follows  the  waveguide,  forming  an  impedance  transformer. 

3  MICROWAVE  DESIGN  ASPECTS 

For  the  design,  the  whole  structure  was  divided  into  two 
parts:  The  one  which  determines  the  coupling  to  the  beam 
-  and,  hence,  the  induced  signal  strength  -  and  the  adapter 
to  the  50  fl  coaxial  cable  system.  Technological  aspects 
were  taken  into  account  in  all  design  steps. 

First  it  is  important  to  estimate  the  signal,  which  will  be 
down-converted  and  detected  in  a  heterodyne  receiver. 

3.1  Slot  coupling 

Intuitively  the  slot  coupling  mechanism  can  be  described  in 
terms  of  pertubated  wall  currents.  As  the  slot  cuts  the  way 
of  the  wall  currents,  energy  by  means  of  magnetic  field  can 
penetrate  into  the  region  behind  the  slot.  For  good  BPM 
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performance,  a  coupling  of  1%  was  sighted  to  obtain  a  rea¬ 
sonable  compromise  between  signal  to  noise  ratio  and  in¬ 
terference  with  the  beam.  Driving  parameters  for  the  cou¬ 
pling  are  geometry  as  well  as  slot  size  and  location  in  the 
waveguide  profile.  Transmission  from  beam  pipe  to  one 
waveguide  port  was  simulated  using  the  MAFIA  package 
[3],  and  the  model  is  shown  in  Fig.l. 

As  computer  simulations  are  time  consuming  an  attempt 
was  made  to  describe  analytically  the  slot  coupling  by  us¬ 
ing  Bethe’s  theory  [4].  To  evaluate  the  coupling  impedance 
it  is  necessary  to  calculate  the  fields  induced  in  a  vacuum 
chamber  for  a  given  current  distribution.  First,  one  finds 
the  fields  produced  by  the  current  distribution  without  the 
slot.  Then,  these  fields  are  considered  as  an  electromag¬ 
netic  wave  on  the  slot.  In  the  next  step  it  is  obvious  to  find 
the  fields  diffracted  by  the  slot  into  the  waveguide.  These 
diffracted  fields  bear  a  resemblance  with  fields  radiated  by 
equivalent  electric  or  magnetic  dipoles,  whose  moments 
are  proportional  to  the  normal  electric  field  and  the  tangen¬ 
tial  magnetic  field  of  the  incident  wave.  After  comparing 
these  fields  one  obtains  the  coupling  impedance.  As  a  first 
step  a  simple  structure,  where  a  rectangular  waveguide  is 
positioned  with  its  longitudinal  axis  normal  to  a  cylindrical 
beampipe  surface  (see  Fig. 3),  has  been  investigated  using 
a  modified  Bethe  theory  [5].  According  to  this  the  ratio  of 
the  magnetic  fields  of  the  fundamental  mode  Hx  and  of  the 
beam  H^,  is 


where  a  and  b  are  waveguide  dimensions  and  kz  wave  vec¬ 
tor  pointing  downwards  the  waveguide.  To  include  the  ef¬ 
fect  of  the  coupling  aperture  thickness  T,  the  thick  wall 
polarizibility  am  is  needed,  given  by 

Om  =  0.67amexp  (——t)  with  am  =  ^lw2  (2) 

for  the  magnetic  polarization  of  a  rectangular  slot  with  edge 
lengths  l  and  w.  A  comparison  between  MAFIA  simula¬ 
tions  for  52i  and  field  ratio  calculations  according  to  Eqs.  1 
and  2  is  shown  in  Fig.3,  for  a  standard  X-band  waveguide 
coupling  via  a  4  mm  x  4  mm  slot  to  a  beam  pipe.  For  fre¬ 
quencies  above  the  waveguide’s  cut-off  the  deviation  be¬ 
tween  MAFIA  and  theory  is  less  than  5%.  Further  studies 
will  investigate  the  BPM  case  with  its  ridged  waveguide. 

3.2  Ridged,  waveguide 

Transverse  space  limitations  and  the  vacuum  constraints  of 
no  extra  material  inside  the  vacuum  chamber  required  spe¬ 
cial  interest  for  the  waveguide  design. 

The  waveguide  has  been  made  ridged  to  reduce  its  size. 
In  addition,  the  hammer-like  shape  concentrates  the  mag¬ 
netic  field  lines  at  the  location  of  the  coupling  slot,  so  that 
they  are  parallel  to  the  magnetic  field  of  the  beam  over  the 
entire  slot. 


Figure  3:  Left:  Comparision  chart  for  MAFIA  S21 
simulations  against  analytical  calculations.  Right: 
Geometry  used  for  calculations. 


COUPLING  SLOT  LOCATION 


Figure  4:  Profile  cut  of  the  waveguide  with  electro¬ 
magnetic  field  distribution  of  the  fundamental  mode. 


The  working  frequency  was  limited  because  of  the  Hi0 
cut-off  frequency  treating  the  beam  pipe  as  a  circular 
waveguide.  Keeping  this  in  mind,  the  working  frequency 
and  thus  the  frequency  for  the  first  stage  of  the  signal  pro¬ 
cessing  electronics  was  set  to  vw  =  12  GHz.  Commer¬ 
cially  available  electronics  components  from  satellite  tech¬ 
nology  in  the  X-band  can  be  used  for  signal  processing. 
Size  and  shape  of  the  waveguide  (see  Fig.4)  have  been  op¬ 
timized  for  a  coupling  of  about  1  %.  With  the  present  design 
it  is  possible  to  extrude  the  waveguide  structure  in  one  step 
by  electro-discharge  machining  (EDM). 


3.3  Waveguide -to-coax  transition 

The  signal  excited  in  the  waveguide  has  to  be  coupled 
into  a  50  n  coaxial  cable  to  be  detected.  An  ultra-high 
vacuum  microwave  feedthrough  by  KAMAN  Corp.  (SMA 
connector,  part  #853872)  was  foreseen  for  this  purpose.  In 
a  first  design  an  electrical  coupling  was  chosen.  The  re¬ 
sulting  adapter  was  very  narrowband,  difficult  to  be  tuned 
to  12  GHz,  and  the  welding  into  special  flanges  caused 
problems.  In  a  new  design  a  smooth  transition  from  the 
waveguide  into  the  feedthrough  has  been  realized  by  a  A/4- 
transformer,  formed  by  a  rectangular  coaxial  line.  This  new 
geometry  shown  in  Fig.5  for  prototype  II  results  in  a  closer 
spacing  of  both  planes  in  beam  direction,  has  larger  band¬ 
width  (no  tuning  problems),  and  is  better  for  fabrication 
and  installation.  The  design  realized  in  the  vacuum  cham¬ 
ber  follows  the  idea  sketched  for  prototype  II. 
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PROTOTYPE  I 


PROTOTYPE  II 


Figure  5:  Waveguide-to-coax  transitions,  first  and  im¬ 
proved  design. 


4  INTERFERENCES 


4.1  Resonances  inside  the  Detector 


Resonances  of  trapped  modes  inside  the  waveguide  close 
to  the  working  frequency  enhance  the  signal  amplitude, 
but  due  to  fabricational  problems  it  would  be  difficult  to 
tune  and  stabilize  all  waveguides  to  the  same  resonance  fre¬ 
quency. 

Waves  beyond  vc  =  8.99  GHz  can  propagate  into  the 
waveguide  and  excite  resonant  modes  there.  Every  wave¬ 
guide  of  length  l,  which  is  not  perfectly  matched  at  the  both 
ends,  has  q  longitudinal  resonances  according  to 


v?  + 


(3) 


potential  for  a  bunch  length  of  o  —  250  ^m,  and  values  for 
the  peak  wake  potential  for  different  bunch  lengths.  Both 
were  simulated  using  MAFIA. 


Figure  6:  Left :  Wake  Potential  simulated  using 
MAFIA.  Right:  Diffraction  model  fitted  to  simula¬ 
tions  for  different  bunch  lengths. 


5  CONCLUSION 

Several  attempts  have  been  followed  to  describe  the  mi¬ 
crowave  properties  of  the  waveguide  BPM.  Simulations  us¬ 
ing  MAFIA  in  comparison  with  theoretical  models  have 
been  proven  useful  to  qualify  and  optimize  the  system  per¬ 
formance. 


Two  different  prototypes  and  one  undulator  vacuum 
chamber  with  ten  BPMs  were  built. 

Tab.  1  compares  calculated  and  measured  modes  for  the 
second  prototype  and  for  the  undulator  vacuum  chamber. 
The  length  of  both  structures  estimated  from  the  design  are 
44.9  mm  and  20-6  mm,  respectively.  Since  it  is  difficult 
to  include  the  wall  curvature  and  the  electrical  length  of 
the  adapter  into  the  resonance  condition,  measured  values 
deviate  sligthly  from  calculated  ones  using  Eq.3. 


Resonance  [GHz] 

Mode# 

Prototype  II 

Vacuum  chamber 

Estimate  Measure 

Estimate  Measure 

1/2 

11.23  11.32 

17.17  17.72 

1/3 

13.47  13.30 

above  cut-off 

2/1 

13.67  13.60 

15.14  15.32 

2/2 

14.84  14.65 

above  cut-off 

Table  1:  Estimated  and  measured  resonances.  Mode  #  des¬ 
ignates  the  cut-off  number  and  the  parameter  q;  values  for 
the  vacuum  chamber  are  averaged  overall  BPMs. 

4.2  Wakefields 

The  coupling  slot  act  as  a  discontinuity  in  the  beam  pipe 
and  will  therefore  excite  transversal  and  longitudinal  wake- 
fields.  Although  energy  is  radiating  into  the  slot,  the 
diffraction  model  [6]  can  be  used  to  estimate  the  longitudi¬ 
nal  peak  wake  potential.  Fia.6  shows  the  longitudinal  wake 
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Abstract 

The  beam  position  monitor  (BPM)  system  has  been 
developed  at  BESSY  and  operates  in  3  different  modes: 
the  closed  orbit,  the  single  turn,  and  the  diagnostics  mode. 
Details  of  the  BPM  system  are  presented  together  with 
the  result  of  some  bench  tests.  The  commissioning  of  the 
system  was  done  primarily  with  beam-based  techniques 
and  is  described  in  more  detail.  First  measurements  of  fast 
and  slow  beam  motions  are  presented.  From  the  very 
beginning  the  BPM  system  was  used  successfully  for  the 
optimisation  of  the  storage  ring. 

1  INTRODUCTION 

Stability  of  the  beam  position  in  a  third  generation  light 
source  like  BESSY  II  [1]  is  essential  in  order  to  achieve 
and  guarantee  the  high  brilliance  of  the  photon  beams 
produced  by  insertion  devices.  Usually  a  lot  of  care  is 
taken  in  the  construction  of  the  facility  and  in  the  design 
of  the  hardware  to  prevent  beam  motion  from 
environmental  or  other  sources.  In  any  case  a  fast  and 
accurate  measurement  of  the  orbit  is  required  for 
monitoring  beam  motion  or  use  the  measurements  in 
order  to  improve  the  short  and  long  term  position  stability 
with  local  or  global  feedback  systems.  Aside  from  these 
more  user  driven  requirements,  the  measurement  of  orbits 
and  their  variation  as  other  storage  ring  parameters  are 
changed,  i.  e.  steering  magnets  for  the  determination  of 
the  response  matrix  or  individual  quadrupole  magnets  for 
beam-based  alignment,  are  very  important  for 
understanding  the  storage  ring  hardware,  the  optics  and 
for  improving  the  performance  of  the  storage  ring  as  a 
light  source.  Accelerator  physicists  usually  expect  in 
addition  to  the  precise  orbit  measurements  a  tum-by-turn 
capability  or  in  the  case  of  BESSY  a  diagnostics  mode  of 
operation. 

2  TECHNICAL  BPM  DESIGN 

The  general  technical  layout  of  the  BPM  system  [2] 
chosen  for  the  BESSY  II  storage  ring  is  shown  in  Fig.  1. 
The  basic  operating  principle  for  closed  orbit 
measurements  has  been  developed  at  the  NSLS  storage 
ring  [3].  The  four  pickup  signals  are  attenuated  and 
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Figure  1:  Layout  of  the  BESSY  II  BPM  system, 
filtered  in  the  low-pass  filter  (LPF)  located  close  to  the 
sensor  and  switched  at  a  rate  of  4  kHz  sequentially  to  the 
tuned  receiver  contained  in  the  RF  unit.  The  rectified 
output  of  the  super  heterodyne  receiver  is  processed  in  the 
signal  processing  unit  by  purely  analog  means.  This  is 
indicated  in  Fig.  1  for  the  vertical  position  of  the  beam. 
Finally  both  positions,  the  gain  control  voltage,  Uagc, 
which  is  used  to  keep  the  sum  signal  constant,  and  an 
error  signal  proportional  to  (A-C)-(B-D)  are  available  in 
analog  form.  All  signals  are  digitised  at  a  rate  of  10  kS/s 
with  16  bit  resolution.  Usually  each  input  is  sampled  over 
100  ms  and  then  averaged.  Mean  values,  standard 
deviations,  and  status  bits  are  available  in  the  control 
system.  A  new  orbit  can  be  displayed  every  second. 

The  receiver  has  a  second  demodulated  output  with  much 
larger  bandwidth  of  1.5  MHz  which  is  used  for  tum-by- 
turn  measurements.  64  such  signals  are  digitised  over  32 
thousand  turns  with  12  bit  resolution.  This  is  repeated  for 
each  pickup  signal  at  100  ms  intervals  in  synchronism 
with  the  injection  system  running  at  10  Hz.  The  position 
of  the  beam  is  calculated  by  a  computer.  Displayed  orbits 
on  a  pre-selected  turn  are  updated  every  2  seconds. 
Alternatively,  in  the  diagnostics  mode,  the  signal  of  a 
particular  pickup  electrodes  can  be  switched  to  the  control 
room  through  a  chain  of  16-to-l  multiplexers  (MUX). 

3  DEBUGGING  AND  COMMISSIONING 
OF  THE  BPM  SYSTEM 

Prior  to  installation  all  units  and  pieces  of  equipment 
relevant  for  the  precise  and  stable  operation  of  the  BPM 
systems  were  carefully  checked  on  the  bench  whenever 
reasonable.  In  addition  strong  emphasis  was  put  on  the 
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commissioning  of  the  complete  system  with  beam-based 
techniques. 

3.1  Bench  tests 

For  example  the  test  of  the  short  connection  between  the 
pickup  electrodes  and  the  LPF  box  with  high  quality  semi 
rigid  SMA-cables  were  impossible  since  their  installation 
had  to  be  done  just  before  the  vacuum  chamber  was 
lowered  into  the  half-opened  magnets  and  finally  fixed  to 
the  girders.  During  that  moment  of  time  careful  RF 
measurements  with  a  network  or  spectrum  analyser  were 
impossible.  Later  on  it  turned  out,  that  5  out  of  the  112 
BPMs  could  not  be  used,  because  of  faulty  connections  of 
that  type.  During  the  last  shut  down  period  3  of  them 
could  be  fixed.  In  the  two  other  cases  the  vacuum  feed 
through  of  the  pickup  would  have  to  be  replaced,  which 
is,  at  least  in  principle,  possible  since  the  pickups  are 
welded  into  demountable  flanges.  For  the  time  being  the 
beam  positions  at  these  locations  are  determined  from 
only  3  pickup  signals  by  a  small  modification  to  the 
signal  processing  electronics. 

The  results  of  the  bench  tests  can  be  summarised  as 
follows:  in  the  closed  orbit  mode  the  position  of  the  beam 
can  be  measured  over  a  very  large  range  of  intensities 
spanning  more  than  4  orders  of  magnitude.  The 
measurements  are  insensitive  to  the  beam  intensity  over  a 
range  of  nearly  3  orders  of  magnitude  at  the  few  micron 
level  even  for  beams  being  off-centre  by  ±5  mm.  At 
nominal  beam  currents,  above  50  mA,  the  resolution  is 
better  than  1  pm  in  a  1  ms  time  interval.  Fast  transverse 
beam  oscillations  up  to  250  Hz  can  be  observed.  In  the 
single  turn  mode  the  resolution  at  low  intensity  is  =1  mm. 
With  the  expected  large  excursions  of  the  injected  beam 
and  without  correction  the  non-linear  contributions  from 
the  vacuum  chamber  geometry  and  the  arrangement  of  the 
pickup  electrodes  is  much  larger  than  the  resolution.  In 
the  diagnostics  mode  the  filtered  pickup  signals  in  the 
control  room  are  attenuated  by  approximately  20  dB  due 
to  the  losses  in  the  LPF,  insertion  losses  of  the  chain  of 
multiplexers,  and  cable  losses. 

3.2  System  tests  without  beam 

Unexpectedly  difficulties  arose  with  the  local  oscillator 
due  to  a  poor  quality  inductor  and  subsequently  the  coil 
had  to  be  replaced  in  nearly  all  oscillators.  In  this 
debugging  phase  all  components  of  the  BPM  system  were 
already  installed  and  the  diagnostics  mode  could  be  used 
for  trouble  shooting:  In  the  control  room  a  500  MHz 
signal  at  0  dBm  from  the  master  oscillator  was  fed  into 
the  output  of  the  chain  of  RF  multiplexers.  The  BPM 
system  was  set  to  run  in  the  closed  orbit  mode  and  with 
the  finite  isolation  of  the  last  GaAs-switch  the  selected 
unit  should  work  properly  showing  a  nicely  centred  beam 
position.  The  procedure  was  automated  and  for  each  BPM 
the  signals  to  the  control  system  were  recorded.  Thus  at 


the  same  time  the  proper  operation  of  the  BPM  system 
including  the  control  system  interface  was  checked. 

3.3  Commissioning  with  beam 

During  the  first  24  hours  of  the  storage  ring 
commissioning  an  electron  beam  could  be  stored  without 
using  the  turn-by-tum  mode  only  with  the  support  of  9 
fluorescent  screens  distributed  around  the  circumference 
of  the  ring.  Due  to  the  large  dynamic  range  of  the  BPM 
electronics,  orbits  could  be  measured  at  currents  above  50 
pA  which  is  achievable  with  single  shot  injection.  Thus  a 
lot  of  the  final  commissioning  of  the  BPM  system 
running  in  the  closed  orbit  mode  was  done  with  stored 
beam.  In  the  beginning  with  closed  orbit  distortions  of  up 
to  +10  mm  the  error  signal  was  very  helpful  in  order  to 
find  missing  connections  and  interchanged  cables.  In  this 
way  a  couple  of  inoperable  BPMs  could  be  excluded  for 
example  from  the  closed  orbit  correction  algorithm  or  the 
analysis  of  collected  orbit  data. 

Another  very  helpful  tool  is  the  analysis  of  measured 
response  matrices  [4].  At  BESSY  II  this  matrix  contains 
112  times  145  elements.  Each  element  is  the  orbit 
variation  measured  at  one  of  the  112  BPMs  as  the  145 
steering  elements  are  changed  by  a  small  amount.  The 
lattice  and  the  arrangement  of  hardware  is  of  8-fold 
symmetry.  Thus  every  eighth  column  should  contain  very 
similar  information.  These  8  columns  can  be  displayed 
superimposed  if  the  numbering  is  shifted  correspon¬ 
dingly.  Individual  hardware  errors  show  up  as  large 
deviations  from  the  average.  In  this  way  the  gain  error  of 
one  of  the  signal  processing  boards  could  be  detected. 
Total  BPM  offset  errors  with  respect  to  the  centres  of 
nearby  quadrupole  magnets  have  been  obtained  with  an 
iterative  procedure  developed  and  tested  at  BESSY  I  [5], 
Additional  windings  on  the  144  quadrupole  magnets  of 
the  BESSY  II  storage  ring  allow  to  change  the  gradient  in 
each  magnet.  The  resulting  closed  orbit  perturbations  are 
proportional  to  the  actual  offsets  of  the  orbit  relative  to 
the  axis  of  the  magnet.  This  information  has  been  used  to 
redefine  the  targets  for  the  closed  orbit  correction.  In  the 
horizontal  plane  a  few  iterations  were  required  in  order  to 
achieve  a  centred  beam  in  all  quadrupoles.  Finally  the 
beam  is  on  average  only  off  by  ay=0.13  mm  and  ax=0.15 
mm  relative  to  these  magnets.  The  resulting  distributions 
of  the  total  BPM  offset  errors  have  mean  values  of  -0.02 
mm  and  0.28  mm  and  standard  deviations  of  0.24  mm  and 
0.43  mm  in  the  horizontal  respectively  in  the  vertical 
plane.  This  spread  is  in  agreement  with  expectations 
based  on  the  bench  measurements  and  reasonable 
assumptions  for  the  precision  of  the  mechanical 
adjustments  of  the  pickup  sensors  and  the  limitations  of 
the  steering  concept  based  on  64  vertical  and  80 
horizontal  corrector  magnets.  The  significant  mean  offset 
in  the  vertical  plane  indicates  that  the  vacuum  chambers 
have  been  mounted  too  low. 
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Figure  2:  Slow  orbit  drifts  in  the  vertical  (top)  and 
horizontal  plane  (bottom)  relative  to  the  orbit  just  after  a 
beam  of  200  mA  was  accumulated. 

4  OPERATIONAL  EXPERIENCE 

As  expected  the  most  important  mode  of  operation  is  the 
measurement  of  the  closed  orbit.  Single  turn  data  has  only 
been  used  a  few  times  early  during  the  commissioning  of 
the  storage  ring  and  was  helpful  to  give  the  integer  part  of 
the  tunes  [2].  Until  now  the  diagnostics  mode  has  only 
been  applied  for  trouble  shooting  the  BPM  system. 
Software  tools  have  been  developed  in  order  to  collect 
orbit  data  at  a  rate  of  1  orbit  per  second  while  other 
parameters  are  varied.  Examples  are  the  above  mentioned 
beam-based  determination  of  the  position  relative  to  the 
quadrupole  magnets  or  the  measurement  of  the  response 
matrix.  Both  measurements  take  1  to  2  hours  depending 
on  the  degree  of  averaging  chosen.  These  and  similar 
tools  have  been  extremely  helpful  for  the  smooth  and  fast 
commissioning  of  the  BESSY  II  storage  ring  [6]. 

Slow  and  intensity  dependent  orbit  drifts  can  be  observed 
in  both  planes  during  the  daily  operation  of  the  ring.  In 
the  case  shown  in  Fig.  2  the  beam  was  accumulated 
within  less  than  2  minutes  from  10  mA  to  nearly  200  mA. 
The  orbits  have  been  taken  just  after  the  injection  in  1 
minute  intervals.  During  the  injection  the  beam  motion 
was  small.  Drifts  are  much  larger  horizontally  and  an 
equilibrium  is  reached  after  approximately  10  minutes. 
This  and  the  repetition  of  the  pattern  of  the  orbit 
distortion  after  each  refill  is  an  indication  that  they  are 
induced  by  thermal  effects.  In  routine  operation  the  drifts 
can  be  compensated  for  by  running  the  global  orbit 
correction  permanently. 

Fast  oscillations  of  the  closed  orbit  can  not  be  observed 
directly  since  the  presently  installed  control  system 
interface  is  too  slow.  Additional  buffered  outputs  are 
available  for  the  off-line  analysis  at  each  signal 
processing  unit.  In  Fig.  3  the  FFT  of  the  horizontal  beam 
motion  at  a  location  with  high  dispersion  is  shown.  The 
observations  were  made  at  high  and  low  beam  currents, 
before  and  after  the  modification  of  the  horizontal 
steering  magnet  power  supplies  and  the  installation  of 


Figure  3:  Fast  beam  motion  in  the  horizontal  plane  before 
(left)  and  after  hardware  modifications.  The  top  traces  are 
taken  at  around  100  mA  and  the  lower  traces  at  25  mA. 

damping  antennas  in  all  4  cavities.  The  impact  of  the 
synchrotron  running  at  10  Hz  and  eigen  modes  of  the 
storage  ring  girders  at  around  15  Hz  are  visible  at  low 
intensities.  At  high  beam  currents  longitudinal 
instabilities  produce  a  broad  low-frequency  noise  floor 
which  does  not  appear  in  the  vertical  plane. 

5  SUMMARY 

The  BPM  system  of  the  BESSY  II  storage  ring  has  been 
in  operation  from  the  very  beginning  of  the 
commissioning.  In  addition  to  bench  tests  further 
debugging  took  place  with  beam-based  techniques.  In  the 
closed  orbit  mode  beam  positions  are  measured  fast, 
accurate,  insensitive  to  changing  beam  currents,  and  over 
a  very  large  dynamic  range  of  intensities.  64  out  of  the 
112  BPMs  have  a  limited  turn-by  turn  capability  and  the 
diagnostics  mode  can  be  used  for  the  analysis  of  the  500 
MHz  component  of  the  beam  spectrum  by  special 
equipment  in  the  control  room.  The  system  is  in  full 
operation  now  and  has  led  to  substantial  progress  already. 
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Abstract 

A  VME  based  single  turn  beam  position  monitor  has  been 
developed  to  improve  diagnostics  for  the  NSLS  UV  ring. 
A  monopulse  network  processes  the  PUE  pulses, 
generating  the  sum  and  difference  signals.  An  analog 
processing  board  amplifies,  rectifies,  and  holds  the 
signals.  A  digital  board  then  digitizes  and  stores  the  data. 
The  system  can  measure  32,000  turns  of  bipolar  PUE 
signals  from  button  type  electrodes  (InS  per  lobe)  at  a 
170nS  repetition  rate,  with  bunches  separated  by  18.9nS. 
The  system  makes  useful  measurements  over  a  40dB 
dynamic  range  of  beam  current.  At  full  current  the 
resolution  is  50  microns. 

1  INTRODUCTION 

The  ability  to  measure  beam  position  on  a  turn  by  turn 
basis  allows  operators  to  increase  the  injection  efficiency 
and  reduce  radiation  levels  by  optimizing  the  injection 
process.  It  also  enables  the  measurement  of  non-linear 
beam  dynamics  through  phase  space  tracking.  These 
measurements  are  particularly  difficult  when  using  the 
button  type  pickup  electrodes  (PUEs)  commonly  found  in 
light  sources.  The  signals  are  bipolar  with  no  delay 
between  the  two  InS  wide  lobes  (figure  3  trace  A).  This 
makes  the  direct  use  of  commercial  sample  and  hold 
amplifiers  impossible  and  the  use  of  integrators  difficult. 
Synchrotron  oscillations  can  introduce  substantial  jitter  in 
the  arrival  time  of  PUE  signals  with  respect  to  the  ring 
timing  system,  making  externally  gated  rectifiers 
impractical.  The  analog  front  end  described  in  this  paper 
accurately  samples  the  amplitude  of  the  PUE  pulse  in  the 
presence  of  timing  jitter 

2  SYSTEM  DESIGN 

One  unit  of  the  system  is  shown  in  figure  1.  Monopulse 
networks  are  used  to  generate  sum  and  difference  signals 
from  the  PUE  pulses.  The  sum  and  difference  signals  are 
then  rectified,  stretched,  and  held  by  the  analog  boards. 
The  outputs  from  two  analog  boards  are  processed  by 
each  digital  board.  Once  digitized,  the  CPU  calculates  the 
beam  position  and  transmits  the  data  to  the  control  system 
via  ethemet. 


ETHERNET 


Figure  1 :  Simplified  system  block  diagram 


2.1  Analog  Board. 

A  simplified  block  diagram  of  the  analog  board  is  shown 
in  figure  2. 


Figure  2:  Analog  board  block  diagram 


'  Work  performed  under  the  auspices  of  the  U.S.  Department  of  Energy. 
"Email:  jrothman@bnl.gov 
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The  associated  waveforms  are  shown  in  figure  3.  The  sum 
input  (trace  A)  is  amplified  by  the  programmable  gain 
amplifier  (PGA)  and  split  two  ways.  The  PGA  is  consists 
of  two  GaaS  FET  multiplexers,  two  amplifiers,  and  1 
attenuator.  The  selectable  gains  are  -6dB,  +12dB,  and 
+24dB  and  are  controlled  by  the  digital  board  via  the  P2 
backplane.  Splitter  output  1  triggers  the  timing  circuit  and 
splitter  output  2  is  routed  to  a  SPDT  GaaS  FET  switch  via 
a  coaxial  delay  line.  The  delay  line  compensates  for 
delays  in  the  timing  circuit  so  the  gate  arrives  at  the 
switch  at  the  correct  time  to  rectify  the  sum  signal  (traces 
B  and  C).  When  the  gate  drops  low  the  positive  going 
lobe  passes  though  the  switch  (trace  D).  A  50  MHz 
gaussian  lowpass  filter  then  stretches  the  pulse  (trace  E), 
allowing  the  track  and  hold  amplifier  to  accurately  sample 
the  signal  (trace  F).  The  delta  signal  is  processed 
similarly. 

The  digital  board  drives  the  bunch  select  (B.  Sel.)  input 
with  a  lOnS  pulse,  selectively  enabling  the  timing  circuit 
only  for  the  chosen  bucket.  A  PUE  sum  signal  arriving 
during  the  lOnS  window  triggers  the  timing  circuit, 
generating  control  signals  for  the  GaaS  FET  switches  and 
the  track  and  hold  amplifiers. 

The  output  offset  voltage  can  be  measured  with  no 
beam  in  the  ring  by  pulling  the  CAL.  EN.  bit  high  and 
applying  pulses  to  the  B.  Sel.  input.  This  generates  the 
same  timing  signals  that  would  normally  be  produced  by 
the  PUEs.  This  is  useful  for  measuring  and  correcting 


drift  in  the  electronics.  The  linearity  of  the  analog  board 
at  three  different  gain  settings  is  shown  in  figure  4. 


Sum 


Figure  4:  Analog  board  linearity 


2.1  Digital  Board 

The  digital  board  (figure  5)  is  a  four  channel  transient 
digitizer  with  12  bit  resolution,  8MHz  maximum 
sampling  rate,  and  32  Ksamples  of  buffer  memory. 
Pretrigger  and  posttrigger  timing  modes  have  been 
implemented,  allowing  the  trigger  to  appear  at  the 
beginning,  middle,  or  end  of  the  sampled  data. 


Figure  5:  Digital  board  block  diagram 
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Triggering  and  halting  the  data  acquisition  process  can  be 
accomplished  either  externally,  or  internally  under 
software  control. 

The  unit  provides  an  independently  delayed  bunch 
select  pulse  (AB  Select  and  CD  Select)  for  each  analog 
board.  Each  delay  generator  has  a  range  of  150nS  with  a 
resolution  of  0.3nS.  External  timing  signals  that  are 
locked  to  the  beam  rotation  period  (Clock  and  Synch  bus) 
drive  the  state  machine  and  delay  generators.  A  16  bit 
TTL  port  on  the  P2  backplane  (Gain/Calibrate)  controls 
the  PGA  gain  on  the  analog  boards. 

The  VME  interface  provides  slave  functions  with 
standard  A(24)D(32)  single  and  block  data  transfer 
modes.  Interrupt  level  and  interrupt  vector  ID  can  be 
defined  by  the  application  software. 

3  PERFORMANCE 

Turn  by  turn  beam  position  measurements  in  the  NSLS 
UV  ring  are  shown  in  figures  6  and  7.  Only  the  first  200 
turns  are  shown  for  clarity.  The  graphs  show  the 
horizontal  orbit  distortion  to  stored  beam  resulting  from 
the  injection  kicker  magnets.  The  bump  is  not  closed  and 
a  large  residual  betatron  oscillation  results.  Prior  to  turn 
47  the  beam  is  undisturbed  and  the  noise  floor  is  visible. 
The  noise  is  0.1mm  RMS  at  750  mA  and  2mm  RMS  at  25 
mA.  Note  in  figure  7  the  noise  is  periodic,  and  probably 
due  to  RF  pickup.  Improved  shielding  in  the  production 
version  of  the  analog  board  should  improve  the  noise 
performance.  The  noise  floor  measured  on  the  bench  is 
50pM. 


UV  Rig  Injection  kfck 
750mA 


UVRing  Injection  kick 
25mA 


Figure  7 
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DETECTION  OF  THE  POSITION  OF  TWO  BEAMS  WITH  A  COMMON  BPM 

Kotaro  SATOH,  KEK,  Tsukuba,  Ibaraki,  Japan 


Abstract 

This  paper  proposes  a  method  of  detecting  the  position  of 
two.  beams  with  a  common  BPM,  the  method  which  is  use¬ 
ful  even  if  the  bunch  time-spacing  between  the  two  beams 
is  too  small  to  separate  each  beam  signal  with  fast  switches. 
The  method  is  based  on  the  idea  that  unknown  beam  pa¬ 
rameters  can  be  estimated  if  the  number  of  BPM  electrodes 
is  greater  than  that  of  the  parameters,  and  if  the  signals  are 
independent  of  each  other.  Since  the  number  of  unknown 
parameters  of  the  two  beams  is  6,  consisting  of  4  positions 
and  2  intensities,  an  8-electrode  BPM,  whose  signals  are 
detected  in  the  frequency  domain,  is  expected  to  play  the 
role.  The  method  is  to  be  applied  to  measuring  beam  po¬ 
sitions  near  the  interaction  point  of  the  two-ring  collider 
KEKB,  where  the  bunch  spacing  is  only  2  ns  in  each  ring. 
The  independence  of  the  signals  is  insured  by  a  finite  orbit 
separation  at  the  common  BPM. 

1  INTRODUCTION 

In  a  two-ring  collider  like  the  KEKB  orbit  stabilities  at  the 
interaction  point  are  essential  for  keeping  stable  beam  col¬ 
lisions.  Near  the  interaction  point  the  orbit  separation  is  so 
small  that  the  two  beams  travel  through  common  pipes  and 
common  BPMs,  if  inserted.  If  position  measurements  are 
required  with  the  common  BPM,  it  has  been  believed  that 
the  bunch  separation,  in  the  time  domain,  between  the  two 
beams  must  be  sufficiently  large  for  separating  beam  sig¬ 
nals  with  fast  switches.  In  the  KEKB,  however,  the  bunch 
spacing  is  too  small  to  apply  the  above  method.  It  should 
be  pointed  out  that,  although  the  present  case  has  not  a  suf¬ 
ficient  separation  in  the  time  domain,  here  exists  a  finite 
orbit  separation  between  the  two  beams.  Providing  a  finite 
orbit  separation  in  the  transverse  space,  the  paper  discusses 
a  possibility  of  detecting  the  beam  position  of  each  ring 
with  a  common  BPM  having  many  electrodes.  The  present 
method  is  an  extension  of  that  in  the  previous  papers[l][2], 

2  OUTPUT  SIGNAL  MODEL 

One  of  the  common  BPMs,  analyzed  here,  is  55  mm  in 
diameter,  and  has  8  electrodes,  as  shown  in  Fig.  1 .  The  ideal 
orbits  of  the  two  rings,  (-7.5,0)  for  the  positron  LER  and 
(6.26,0)  for  the  electron  HER,  are  shown  in  the  same  figure. 
The  horizontal  orbit  separation  at  the  BPM  is  13.8  mm. 
The  output  signal  is  detected  with  a  narrow-band  detector 
at  1017.16  MHz,  two  times  the  accelerating  frequency. 

The  output  signal  can  be  represented  well  with  a  phaser. 
The  phaser  output  of  the  i-th  pickup  button  V  is  given  by 

V  =  9iel4,i(pFi(x,y)  +  qFi(u,v)el9),i  = 


3  2 


Figure  1 :  Geometry  of  the  model  BPM  and  the  design  or¬ 
bits. 

where  git  fa  and  Fl(x,  y)  are  the  gain,  the  phase 
shift  and  the  response  function  of  the  i-th  electrode, 
(p,  x ,  y ),  (q,  u,  v )  are  the  charge  and  position  for  positron 
and  electron  beams,  and  9  their  phase  difference. 

The  detector  measures  the  peak  value  Vi  of  the  phaser  , 

Vi  =  gi  y/  (pFi(e+))2  +  ( qFi(e -))2  +  2 pqFi(e+)Fi(e-)cos9. 

The  gains  can  be  calibrated  with  beams,  as  a  later  section 
shows.  The  response  function  is  calculated  from  the  BPM 
geometry.  The  phase  difference  9  must  be  constant  and  can 
be  calculated  from  the  distance  between  the  BPM  and  the 
interactionpoint,  or  can  be  estimated  with  beams  as  shown 
later.  For  each  measurement  are  6  unknown  parameters 
(p,  x,  y,  q,  u,  v).  Since  the  number  of  unknown  parameters 
is  less  than  that  of  the  BPM  electrodes,  the  parameters  are 
determined  by  nonlinear  fitting.  It  should  be  pointed  out 
here  that,  if  the  phase  were  included  into  fit  parameters,  the 
phase  resolution  would  be  very  poor  and  would  degrade 
the  other  resolutions  accordingly.  By  analyzing  the  covari¬ 
ant  matrix  associated  with  the  fitting  procedure,  we  can  es- 
imate  the  errors  of  fit  parameters  for  given  measurement 
errors.  The  expected  error  of  the  i-th  parameter  <Ji  is  given 
by  the  i-th  diagonal  element  of  the  covariant  matrix  C(i,j). 
Text  books  show 

of  =  C(i,i)  x  of, 

where  o0  is  the  absolute  measurement  error  of  signals. 

The  position  response  function  used  here  is  derived  from 
a  simple  BPM  model  having  very  small  electrodes.  More 
realistic  response  functions  can  be  used,  if  needed.  The 
response  functions  are  expanded  with  harmonic  functions 
of  positions  up  to  the  4-th  order  terms,  and  are  given  by 

4 

Fi(X,  Y)  =  1  +  Rk(a,i(k)  cos  kip  +  bi(k)  sin  kip), 

fe= l 
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Table  1 :  Fit  parameters 


Table  2:  Diagonal  elements  of  the  covariant  matrix 


,1 

P 

X 

y 

u 

V 

J 

X 

q 

u 

V 

-7.50 

.00 

-1.00 

6.26 

.00 

1 

2.5 

13.6 

9.8 

7.9 

2373.3 

418.6 

2 

2.29 

-5.50 

.00 

-1.00 

6.26 

.00 

2 

4.2 

19.9 

16.0 

11.8 

4543.2 

789.9 

3 

2.29 

-7.50 

2.00 

-1.00 

6.26 

.00 

3 

2.2 

13.1 

9.6 

7.0 

2095.0 

404.3 

4 

2.29 

-9.50 

.00 

-1.00 

6.26 

.00 

4 

1.5 

11.7 

6.7 

4.9 

1313.2 

252.8 

5 

2.29 

-7.50 

-2.00 

-1.00 

6.26 

.00 

5 

2.2 

13.1 

9.6 

7.0 

2095.1 

404.3 

6 

2.29 

-7.50 

.00 

-1.00 

8.26 

.00 

6 

3.1 

13.5 

8.0 

10.0 

2782.5 

171.7 

7 

2.29 

-5.50 

.00 

-1.00 

8.26 

.00 

7 
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15.1 

10.5 

17.5 
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272.7 

8 
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-7.50 

2.00 

-1.00 

8.26 

.00 

8 
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13.0 

8.1 
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9 
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-9.50 
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.00 
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12.1 

6.1 
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10 
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.00 
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1.5 

13.6 

10.5 
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12 

2.29 
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-1.00 

6.26 

2.00 

12 

2.3 

18.7 

20.4 

7.4 

2581.4 

1162.5 

13 

2.29 

-7.50 

2.00 

-1.00 

6.26 

2.00 

13 

2.0 

13.2 

10.5 

6.6 

1875.4 

524.6 

14 

2.29 

-9.50 

.00 

-1.00 

6.26 

2.00 

14 

1.0 

11.7 

6.8 

3.3 

834.0 

267.4 

15 

2.29 

-7.50 

-2.00 

-1.00 

6.26 

2.00 

15 

1.1 

13.0 

9.9 

3.7 

983.3 

447.3 

16 

2.29 

-7.50 

.00 

-1.00 

4.26 

.00 

16 

2.7 

15.9 

16.3 

8.2 

2904.2 

1127.6 

17 

2.29 

-5.50 

.00 

-1.00 

4.26 

.00 

17 

3.9 

33.6 

39.7 

11.3 

5637.0 

2555.6 

18 

2.29 

-7.50 

2.00 

-1.00 

4.26 

.00 

18 

2.5 

15.0 

15.1 

7.7 

2672.5 

1070.1 

19 

2.29 

-9.50 

.00 

-1.00 

4.26 

.00 

19 

1.8 

11.7 

8.5 

5.7 

1657.1 

557.2 

20 

2.29 

-7.50 

-2.00 

-1.00 

4.26 

.00 

20 

2.5 

15.0 

15.1 

7.7 

2672.5 

1070.1 

21 

2.29 

-7.50 

.00 

-1.00 

6.26 

-2.00 

21 

1.5 

13.6 

10.5 

4.9 

1385.0 

497.3 

22 

2.29 

-5.50 

.00 

-1.00 

6.26 

-2.00 

22 

2.3 

18.7 

20.4 

7.4 

2581.2 

1162.4 

23 

2.29 

-7.50 

2.00 

-1.00 

6.26 

-2.00 

23 

1.1 

13.0 

9.9 

3.7 

983.3 

447.3 

24 

2.29 

-9.50 

.00 

-1.00 

6.26 

-2.00 

24 

1.0 

11.7 

6.8 

3.3 

834.0 

267.4 

25 

2.29 

-7.50 

-2.00 

-1.00 

6.26 

-2.00 

25 

2.0 

13.2 

10.5 

6.6 

1875.4 

524.6 

where  X  =  R  cos  ip,Y  =  R  sin  ip,  and 

Oj(/c)  =  2cos(k(2i  -  1)^-), 6i(/c)  =  2sin(k(2i  —  1)~). 

8  o 

The  function  is  normalized  by  F,(0, 0)  =  1,  and  the  posi¬ 
tion  is  measured  from  the  BPM  center,  not  from  the  ideal 
orbit. 


3  SIMULATION 

Simulation  was  done  for  a  case  where  the  position  of  each 
beam  is  on  the  ideal  orbit,  or  shifted  by  ±2  mm  at  each 
measurement.  Measurement  is  done  25  times  with  different 
position  combination.  The  phase  difference  6  is  7t/4.  The 
nominal  charge  of  each  ring  is  p=2.29  for  LER  and  q=-1.0 
for  HER.  The  optimum  charge  ratio  is  determined  by  the 
energy  ratio  of  two  rings,  3.5  GeV  and  8.0  GeV. 

The  objective  of  the  simulation  is  not  only  the  demon¬ 
stration  of  measuring  the  two  beam  positions,  but  also  the 
derivation  of  the  covariant  matrix  to  estimate  the  position 
resolution.  Fit  parameters  for  25  measurements  are  listed 
in  Table  1,  and  the  diagonal  elements  of  the  covariant  ma¬ 
trix  are  shown  in  Table  2.  Assuming  a  relative  signal  mea¬ 
surement  error  of  3  x  10~4  and  knowing  of  a  typical  signal 
magnitude  of  3,  the  absolute  measurement  error  a0  is  about 
1  x  10-3.  The  worst  case  for  the  position  resolution  is  at 
the  17-th  measurement,  where  the  orbit  separation  is  the 
minimum  value.  The  worst  position  resolution  is 

ax  =  6/um,  <7y  =  6/im,  au  =  75/xm,  av  =  51  fxm. 

4  EFFECT  OF  PHASE  DIFFERENCE 
ERROR 

The  relative  phase  difference  9  between  the  two  beams  is 
determined  by  the  distance  between  the  interaction  point 


and  the  BPM,  and  must  be  kept  constant  for  stable  colli¬ 
sions.  Even  though  the  BPM  is  installed  at  the  designed 
position  within  a  few  mm,  the  relative  phase  may  differ 
from  the  design  value  by  several  degrees.  Simulation  stud¬ 
ies  show  that  a  major  effect  of  the  phase  error  is  movement 
of  the  position  reading  in  the  horizontal  direction.  Fig¬ 
ure  2  shows  the  position  reading  of  two  rings  when  each 
beam  stays  at  the  design  position  and  the  phase  difference 
is  changed  around  the  nominal  phase  of  7t/4.  The  phase 
error  effect  is  more  harmful  in  HER  than  in  LER.  If  the  po¬ 
sition  displacement  is  required  to  be  less  than  0.5  mm  the 
phase  error  must  be  kept  less  than  1  degree. 


6 

£ 

3 

G 


Figure  2:  Position  reading  of  two  beams  staying  at  the  de¬ 
sign  orbit  when  the  phase  changes  from  the  nominal  value. 

If  the  relative  phase  error  exists,  the  position  readings  are 
also  moved  as  the  beam  current  changes.  This  fact  helps 
finding  the  true  phase  difference.  The  position  reading  of 
HER  is  shown  in  Fig.3  for  the  case  where  the  phase  error 
is  ±1  degree,  each  beam  stays  at  the  design  orbit,  and  the 
electron  charge  of  HER  is  increased  from  0  to  -1.6  while 
the  positron  charge  of  LER  is  fixed  at  2.29,  the  nominal 
value.  If  the  closed  orbit  of  HER  at  the  BPM  is  stable 
within  0.5  mm  in  real  beam  operations,  we  can  find  the 
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true  phase  with  a  resolution  of  less  than  0.5  degrees. 


4  5  6  7  B  9 

Horizontal  (mm) 


Figure  3:  Position  reading  of  HER  when  the  phase  error 
exists  and  the  HER  charge  is  changed. 


Figure  5:  Position  reading  of  two  beams  when  the  LER 
orbit  is  fixed  and  the  other  HER  orbit  is  shifted. 


The  other  effects  of  the  phase  error  are  deformation  of 
the  position  sensitivity  and  the  coupling,  in  which  the  posi¬ 
tion  reading  of  one  beam  is  moved  when  the  other  beam 
moves.  These  are  analyzed  by  a  simulation  where  one 
beam  is  fixed  at  the  design  orbit  and  the  other  beam  is  dis¬ 
placed  from  the  design  orbit  within  2  mm  in  both  the  hori¬ 
zontal  and  vertical  directions,  and  the  phase  error  is  0.5  de¬ 
grees.  The  two  effects  are  shown  in  Fig.4  when  the  HER 
orbit  is  fixed,  and  in  Fig.5  for  the  other  case.  The  grid  indi¬ 
cates  the  ideal  position  reading  including  the  displacement 
shown  in  Fig.2  due  to  the  phase  error,  and  helps  observe  the 
deformation  of  the  sensitivity.  The  crosses  in  the  smaller 
box  show  the  position  reading  of  the  fixed  beam,  and  their 
distribution  measures  the  coupling.  The  simulation  shows 
that  both  effects  are  small,  compared  with  the  beam  size 
at  the  BPM,  particularly  in  the  vertical  direction.  This  fact 
favors  the  operation  condition  that  the  orbit  stability  is  re¬ 
quired  in  the  vertical  direction  rather  than  in  the  horizontal 
direction. 
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Figure  4:  Position  reading  of  two  beams  when  the  HER 
orbit  is  fixed  and  the  other  LER  orbit  is  shifted. 


the  position  sensitivity  would  be  deformed.  The  gain  cal¬ 
ibration  can  be  done  with  beams  by  another  nonlinear  fit¬ 
ting.  The  BPM  has  8  electrodes  and  the  number  of  un¬ 
known  gains,  normalized  by  the  first  electrode  gain,  is  7. 
The  gain  calibration  was  studied  under  the  condition  that 
measurments  are  done  6  times  with  a  single  beam,  3  times 
for  one  beam  and  3  times  for  the  other.  At  each  measure¬ 
ment  the  beam  is  on  the  design  orbit,  or  displaced  by  2  mm 
in  the  vertical  direction.  Beam  measurement  parameters 
and  their  covariant  matrix  elements  together  with  elements 
for  7  relative  gains  are  shown  in  Table  3.  Assuming  the 
relative  detection  error  of  3  x  10-4,  we  find  that  the  gain 
error  is  less  than  0.1%,  and  the  position  resolution  is  less 
than  4/jm  in  both  directions. 


Table  3:  6  beam  positions  and  the  giagonal  elements  of  the 


covariant  matrix  for  the  gain  fitting. 
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5  GAIN  CALIBRATION 

So  far  the  gains  have  been  set  unity  in  the  paper.  The  gains 
of  the  real  BPM  are  not  equal  to  unity,  and  must  be  cali¬ 
brated.  Otherwise  the  monitor  center  would  be  shifted  and 
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Abstract 

The  layout  of  the  SLS  beam  position  monitor  (BPM)  sys¬ 
tem  is  presented.  Since  sub-micron  position  data  in  normal 
closed  orbit  and  feedback  mode  as  well  as  turn  by  turn  in¬ 
formation  are  required,  the  SLS  BPM  electronics  pursues 
a  new  digital  approach.  The  self  calibrating  four  channel 
system  consists  of  a  RF  front  end,  a  digital  receiver  and 
a  DSP  controller.  The  whole  system  is  integrated  in  the 
EPICS  control  system,  which  allows  to  select  between  dif¬ 
ferent  operation  modes,  so  that  the  same  BPM  electronics 
applies  to  all  the  sections  of  the  machine,  namely  linac, 
transfer  lines,  booster  and  storage  ring.  Mechanical  drifts 
will  be  monitored  by  an  independent  measurement  system 
and  taken  into  account,  when  processing  the  final  electron 
beam  position. 

1  INTRODUCTION 

One  of  the  challenges  of  the  SLS  project  is  to  ensure  the 
beam  quality  needed  for  the  production  of  high  brilliance 
synchrotron  radiation  requiring  a  wide  range  of  beam  diag¬ 
nostics  measurements.  Therefore,  the  beam  position  moni¬ 
tor  system  has  to  provide  a  variety  of  operation  modes. 

One  extreme  (in  terms  of  requirements)  is  the  mode  used 
for  the  closed  orbit  feedback.  Sine  the  feedback  has  to  re¬ 
duce  the  electron  beam  jitter  to  less  than  <r/10  of  the  ver¬ 
tical  beam  size  in  the  ID  sections,  the  corresponding  mea¬ 
surements  require  sub  micron  precision  at  a  bandwidth  of 
a  few  kHz.  The  other  extreme  is  to  take  a  snap  shot  of 
the  beam  orbit  in  tum-by-turn  mode,  a  high  speed  mea¬ 
surement  requiring  an  bandwidth  of  about  0.5  MHz.  An 
overview  of  the  technical  specifications  and  the  measure¬ 
ment  modes  is  given  in  table  1. 


Table  1 :  Digital  BPM  system  specifications. 


Parameter 

Specification 

Dynamic  range  by  mode: 

Multi  Bunch 

Single  Bunch 

Pulsed  and  First  Turn 

1  -  500  mA  (avg.) 

1  -  20  mA  (avg.) 

1  - 10  mA  (peak) 

Position  Measuring  Radius 

5  mm 

Resolution  (2  kHz  bandwidth) 

<  1pm 

Beam  Current  Dependence 

1 -400  mA 

1  to  5  relative 

<  100pm 
<  5pm 

RF  and  IF  frequencies 

Carrier  RF 

Carrier  IF 

Pilot  RF 

Pilot  IF 

500  MHz 
36  MHz 
498.5  MHz 
34.5  MHz 

Max.  data 
acquisition  rate 

f revolution 

Feedback  mode  throughput 

4000  x&  y  pos./s 

Modes  of  operation 

Pulsed 
Booster 
Tum-by-turn 
Tune 
Closed  orbit 

2  MECHANICAL  ALIGNMENT 

At  SLS,  the  BPM  stations,  six  per  ring  sector  (layout  see 
figure  1),  are  rigidly  attached  to  the  girders  and  serve  as 
supports  for  the  vacuum  system.  The  mechanical  prealign¬ 
ment  gives  a  relative  position  deviation  of  the  BPM  center 
with  respect  to  the  adjacent  quadrupole  axis  of  less  than 
±25pm.  A  more  precise  alignment  to  less  than  10pm  can 
subsequently  be  obtained  with  the  stored  electron  beam, 
applying  the  method  of  beam  based  alignment  BBA  [1],  A 
complete  BBA  cycle  will  take  about  15  minutes  and  will 
bes  performed  after  every  start-up  of  the  machine. 

During  operation,  thermal  effects  lead  to  mechanical 
drifts  of  the  BPM  chamber,  which  have  been  simulated  to 
be  in  the  order  of  2  pm/K  for  SLS.  This  is  already  criti¬ 
cal  for  the  transverse  closed  orbit  feedback  system.  There¬ 
fore,  the  mechanical  drifts  of  the  BPMs  with  respect  to 
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Figure  1 :  BPM  positions  including  layout  of  the  electronics 
and  feedback  architecture. 
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500  MHz 


Sync 


Data 


Figure  2:  Block  diagram  of  the  digital  BPM  electronics 


the  adjacent  quadrupole  magnets  are  monitored  via  a  set 
of  absolute  linear  encoders,  which  are  rigidly  clamped  to 
the  quadrupoles.  The  system  resolution  is  less  than  1  /z m 
within  a  measuring  range  of  ±2.5  mm.  The  position  infor¬ 
mation  from  the  encoders  is  continuously  recorded  by  the 
control  system  and  used  to  correct  the  BPM  readings. 

As  a  position  sensor,  the  most  promising  candidate  is  a 
linear  encoder,  which  has  been  jointly  developed  by  for¬ 
mer  PSI  Zurich  [2]  and  Baumer  Electric  AG  [3].  It  was 
originally  developed  for  use  in  machining  tools,  handling 
systems  and  robotics  and  offers  the  required  resolution  and 
range.  Preliminary  tests  are  currently  under  way  at  the  SLS 
test  stand  as  well  as  at  Sinchrotrone  Trieste  (ELETTRA) 
in  order  to  examine  radiation  resistance  and  to  validate  the 
measurement  principle. 

3  BPM  ELECTRONICS 

The  SLS  BPM  electronics  represents  a  departure  from  con¬ 
ventional  BPM  system  design  insofar,  as  the  same  setup 
delivers  high  speed/medium  precision  and  low  to  medium 
speed/high  precision  measurements. 

The  electronics  is  a  four-channel  system.  The  button  sig¬ 
nals  enter  the  RF  front  end,  where  they  get  mixed  to  the 
intermediate  frequency  of  36  MHz  and  then  pass  through  a 
low  cost  5  MHz  wide  Surface  Acoustic  Wave  (SAW)  filter. 
At  the  input  of  the  digital  receiver,  the  signals  are  then  sam¬ 
pled  at  31.25  MHz  in  case  of  Storage  Ring  BPMs  (27.78 
MHz  in  case  of  Booster  BPMs).  This  means  that  the  36 
MHz  signal,  which  lies  in  the  third  Nyquist  zone,  is  aliased 
down  to  4.75  MHz  (8.22  MHz).  More  about  this  under 
sampling  concept  can  be  found  in  [4],  For  the  A/D  conver¬ 
sion  we  selected  the  AD9042  analog-to-digital  converter 
(ADC)  available  from  Analog  Devices.  It  is  a  12  bit  ADC 
which  has  41  MHz  maximum  sampling  rate  and  100  MHz 
analog  bandwidth.  The  remainder  of  the  processing  is  done 
in  a  digital  way.  Four  digital  down  converters  (DDC)  first 
translate  the  signals  to  baseband  and  then  filter  and  deci¬ 


mate  the  data  streams.  The  latter  two  processes  are  very 
important:  filtering  defines  system  bandwidth  which  in  turn 
affects  measurement  fluctuation;  decimation,  a  reduction  of 
the  output  data  rate  with  respect  to  the  input,  significantly 
reduces  the  downstream  digital  signal  processing  require¬ 
ments.  We  have  selected  HSP50214  DDC  integrated  circuit 
from  Harris.  It  is  one  of  the  more  sophisticated  and  flexi¬ 
ble  programmable  down  converters  available  on  the  market 
today.  In  the  last  stage,  digital  signal  processors  (DSP)  cal¬ 
culate  the  beam  positions,  apply  correction  factors  and  do 
further  post  processing  like  FFTs.  The  second  task  for  the 
DSPs  is  the  real  time  calculation  of  corrector  settings  via 
the  singular  value  decomposition  algorithm,  which  is  used 
for  the  closed  orbit  feedback  loop.  To  that  effect,  additional 
communication  links  to  DSPs  in  the  adjacent  storage  ring 
sectors  are  provided  [5]. 

The  problem  associated  with  drifting  gains  of  one  chan¬ 
nel  with  respect  to  the  others  is  avoided  by  a  separate  pilot 
signal  with  a  frequency  that  is  1 .5  MHz  lower  than  the  RF. 
Four  pilot  signals  are  added  to  the  inputs  that  are  later  on 
demodulated  in  the  DDC  and  used  to  keep  the  gain  of  the 
four  RF/IF  channels  matched  within  the  dynamic  range. 
The  problem  of  nonlinearities  associated  with  demodula¬ 
tion  is  avoided  by  direct  IF  sampling.  Since  all  the  pro¬ 
cessing  downstream  the  ADC  is  done  digitally  in  a  DDC,  it 
is  the  ADC  that  defines  the  nonlinearity.  The  specification 
for  the  AD9042  integrated  circuit  is: 

Differential  non-linearity :  ±0.30  LSB  or  ±7.3  •  10-5  FS 
Integral  non-linearity :  ±0.75  LSB  ±1.8  •  10-4  FS 

The  effective  resolution  of  the  complete  system  is  deter¬ 
mined  by  the  following.  The  analog  to  digital  conversion 
using  a  12  bit  ADC  in  itself  would  restrict  the  resolution  to 
an  order  of  3  /zm.  The  subsequent  reduction  in  measure¬ 
ment  fluctuation  is  due  to  an  improvement  in  the  signal-to- 
noise  ratio  gained  through  the  oversampling  (with  respect 
to  the  band  of  interest)  and  digital  filtering.  It  is  the  ratio 
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of  the  passband  to  the  Nyquist  bandwidth  expressed  in  dB. 
This  process  recovers  the  missing  precision  such,  that  for 
beam  current  above  50  mA  and  the  output  sample  rate  of  4 
kHz,  which  is  critical  for  the  closed  orbit  feedback,  beam 
movements  smaller  than  0.1  /xm  can  be  measured.  A  graph 
of  expected  resolution  versus  current  and  sampling  rate  is 
shown  in  figure  3. 

rms  Resolution  [uni]  Coflimissiontng.  top-up  _ Machine  Ncimal  Operating  range _ 


Figfire  3:  BPM  resolution  versus  current  for  different  oper¬ 
ation  modes  and  bandwidths. 


ELETTRA  in  Trieste/Italy. 
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4  CONCLUSION 

For  the  SLS  beam  position  monitoring  system,  a  wide 
range  of  measurement  modes,  from  high  speed/medium 
resolution  to  low  speed/high  resolution,  is  required.  To 
cover  these,  only  one  type  of  system  will  be  used,  which 
provides  the  flexibility  to  adapt  to  different  measurement 
types  by  the  use  of  programmable  digital  down  converters. 
The  DSP  back  end  allows  further  high  level  post  processing 
like  FFT  and  an  implementation  of  the  closed  orbit  feed¬ 
back  algorithm  as  an  integral  part  of  the  BPM  electronics. 
Compared  to  more  conventional  solutions,  the  approach  is 
cost  advantageous,  it  offers  the  required  sub  micron  resolu¬ 
tion  and  programmable  bandwidth,  including  turn-by-turn 
capability  at  a  cost  lower  than  that  of  two  separate  elec¬ 
tronic  systems  to  perform  the  same  set  of  functions.  As  a 
nearly  free  feature,  the  closed  orbit  feedback  is  integrated 
into  the  BPM  system. 

The  BPM  stations  are  going  to  be  prealigned  with  re¬ 
spect  to  the  adjacent  quadrupole  magnet.  This  setting  are 
updated  and  refined  at  each  new  run  using  the  method  of 
beam  based  alignment.  Drifts  occurring  during  operation 
will  be  monitored  by  absolute  linear  encoders,  whose  read¬ 
ings  are  used  to  recalibrate  the  BPM  center  position. 

An  evaluation  of  the  electronic  system  using  an  experi¬ 
mental  setup  of  commercial  ADC,  digital  down  converter 
and  digital  signal  processor  boards  very  similar  to  the  pro¬ 
posed  system  has  shown  the  validity  of  the  approach.  A 
first  prototype  is  in  work,  first  tests  with  beam  are  planned 
in  the  first  half  of  this  year  at  the  synchrotron  light  facility 
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Abstract 

A  position-sensitive  photoconductive  detector 
(PSPCD)  using  insulating-type  CVD  diamond  as  its 
substrate  material  has  been  developed  at  the  Advanced 
Photon  Source  (APS).  Several  different  configurations, 
including  a  quadrant  pattern  for  a  x-ray-transmitting 
beam  position  monitor  (TBPM)  and  1-D  and  2-D  arrays 
for  PSPCD  beam  profilers,  have  been  developed.  Tests  on 
different  PSPCD  devices  with  high-heat-flux  undulator 
white  x-ray  beam,  as  well  as  with  gamma-ray  beams 
from  60Co  sources  have  been  done  at  the  APS  and 
National  Institute  of  Standards  and  Technology  (NIST). 
It  was  proven  that  the  insulating-type  CVD  diamond  can 
be  used  to  make  a  hard  x-ray  and  gamma-ray  position- 
sensitive  detector  that  acts  as  a  solid-state  ion  chamber. 
These  detectors  are  based  on  the  photoconductivity 
principle. 

A  total  of  eleven  of  these  TBPMs  have  been 
installed  on  the  APS  front  ends  for  commissioning  use. 
The  linear  array  PSPCD  beam  profiler  has  been  routinely 
used  for  direct  measurements  of  the  undulator  white 
beam  profile.  More  tests  with  hard  x-rays  and  gamma 
rays  are  planned  for  the  CVD-diamond  2-D  imaging 
PSPCD.  Potential  applications  include  a  high-dose-rate 
beam  profiler  for  fourth-generation  synchrotron  radiation 
facilities,  such  as  ffee-electron  lasers. 


1  INTRODUCTION 

Natural  diamonds  as  photoconductive  radiation 
detectors  (PCDs)  have  been  studied  since  1956  [1],  and 
only  certain  diamonds,  those  with  low  impurity 
concentrations  (specifically  nitrogen),  were  found  to  be 
suitable  for  use  as  radiation  detectors  [2].  Natural 
diamonds  have  been  used  as  PCDs  for  soft  x-ray 
detection  with  a  laser-produced  plasma  soft  x-ray  source 
and  a  synchrotron  radiation  source  [3].  Insulating  type 
(type  Ha)  synthetic  diamonds  (from  a  high-pressure  cell) 
used  as  solid-state  ionization-chamber  radiation  detectors 
have  been  studied  for  biological  applications  with  alpha 
particles  and  gamma  radiation  [4],  Compared  with  other 
photoconductors,  diamond  is  a  robust  and  radiation- 
hardened  material  with  high  dark  resistivity  and  a  large 


breakdown  electric  field;  diamond  is  also  sensitive  to 
hard  x-rays  [5]. 

The  working  principle  of  a  position-sensitive 
photoconductive  detector  (PSPCD)  can  be  described  as 
follows:  a  thin  CVD-type  diamond  disk  is  patterned  on 
both  surfaces  with  a  thin  layer  of  electrically  conductive 
material,  such  as  aluminum,  etc.  These  coated  patterns 
are  individually  connected  to  a  biased  current-amplifier 
circuitry  through  an  ohmic  contact.  When  the 
electrically  biased  CVD  disk  is  subjected  to  either 
monochromatic  or  white  x-ray  beam,  the  photons  activate 
the  impurities  in  the  CVD  diamond  causing  a  local 
conductivity  change,  then  a  local  current  change  through 
the  contact  points.  The  amount  of  the  generated  current 
is  a  function  of  the  photon  flux. 


2  PSPCD  TESTED  AT  THE  APS  WITH  X-RAYS 

A  compact  filter/mask/window  assembly  has  been 
designed  for  undulator  beamline  commissioning  activity 
at  the  APS  beamlines  [6].  The  assembly  consists  of  one 
300-pm  graphite  filter,  one  127-pm  CVD  diamond  filter 
and  two  250-pm  beryllium  windows.  A  water-cooled 
Glidcop  fixed  mask  with  a  4.5  mm  X  4.5  mm  output 
optical  aperture  and  a  0.96  mrad  X  1.6  mrad  beam 
missteering  acceptance  is  a  major  component  in  the 
assembly.  The  CVD  diamond  filter  is  mounted  on  the 
downstream  side  of  the  fixed  mask  and  is  designed  to 
also  function  as  a  transmitting  hard  x-ray  beam  position 
monitor.  It  has  a  quadrant  pattern  configuration.  From 
the  test  results,  we  have  learned  that,  compared  to  a 
photoemmision-type  TBPM,  the  beam  position  signal 
from  a  photoconductive-type  TBPM  has  less  undulator 
gap  dependence  [7], 

A  x-ray-transmitting  beam  profiler  system  using 
two  linear-array  PSPCDs  has  been  designed  for 
Advanced  Photon  Source  (APS)  undulator  beamline 
commissioning  [8].  The  same  insulating-type  CVD 
diamond  disk  was  used  as  for  the  linear  array  substrate. 
On  each  disk,  sixteen  0.2-pm-thick,  175-pm-wide 
aluminum  strips  were  coated  on  one  side,  and  an 
orthogonal  single  175-pm-wide  strip  was  coated  on  the 
other  side.  Hence  looking  through  the  disk,  a  linear 
array  of  sixteen  pixels  was  created  as  the 
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photoconductive  sensor  elements,  with  175  pm  x  175  pm 
pixel  size. 


5  3  6  5  5  5 


Fig.  1.  A  typical  profile  of  APS  undulator  white  beam 
directly  measured  by  a  16-pixel  linear-array  PSPCD. 

During  the  measurement,  two  sets  of  16-pixel 
linear  array  PSPCDs  are  placed  perpendicular  to  each 
other  into  the  hard  x-ray  beam..  The  two  arrays  read  out 
the  .beam’s  vertical  and  horizontal  profile  information 
simultaneously.  To  obtain  a  complete  beam  2-D  profile, 
one  can  scan  across  the  beam.  Fig.  1  shows  a  typical 
profile  of  an  APS  undulator  white  beam  directly 
measured  by  a  16-pixel  linear-array  PSPCD  scanning 
across  the  beam  with  the  undulator  magnet  gap  setting 
equal  to  15  mm.  A  12.7-mm-thick  aluminum  filter  was 
used  for  these  measurements  to  eliminate  most  of  the  soft 
x-rays. 


Fig.  2,  Sixteen  aluminum  strips  are  coated  on  both  sides  of 
the  CVD-diamond  disk  creating  a  16  x  16  pixel  two- 
dimensional  array  with  175  pm  x  175  pm  pixel  size. 

A  prototype  of  a  2-D  imaging  PSPCD  has  been 
built  at  the  APS.  As  shown  in  Fig.  2,  sixteen  aluminum 
strips  are  coated  on  both  sides  of  the  CVD-diamond  disk 
creating  a  16  x  16  pixel  two-dimensional  array  with  a 
175  pm  x  175  pm  pixel  size.  The  CVD-diamond  disk 
was  mounted  on  a  water-cooled  base  with  a  couple  of 


ceramic  connector-interface  disks.  Preliminary  tests 
proved  that  a  2-D  hard  x-ray  beam  profile  image  could 
be  read  out  by  a  multichannel  current  amplifier  with 
pulsed  bias  electronics. 

Fig.  3  shows  the  schematic  of  the  readout 
electronics  for  the  prototype  of  2-D  imaging  PSPCD. 
Two  sets  of  multichannel  analog  switches  are 
synchronized  by  a  clock,  which  also  provides  the 
triggering  signal  for  the  computer  data  acquisition 
system.  For  each  scanning  position,  one  of  the  vertical 
strips  was  pulsed  by  a  bias- voltage,  and  the  16-channel 
current  amplifier  then  read  out  the  current  signal  from 
the  identical  column  of  the  imaging  pixels  on  the  CVD- 
diamond  disk.  A  16  x  16  LED  array  was  used  as  an 
imaging  screen.  The  scanning  rate  was  300  -  3000 
columns  per  second.  A  steady  2-D  image  was  observed 
with  the  APS  undulator  white  beam. 


PSPCD  LED 

16  x  16  Array  16— channel  Current  Amplifier  Display  Unit 


Fig.  3.  Schematic  of  the  readout  electronics  for  the 
prototype  of  the  2-D  imaging  PSPCD. 

We  have  tested  the  single-pixel  response  of  this  2- 
D  imaging  PSPCD  using  undulator  white  beam  with  a 
150  pm  x  150  pm  aperture.  It  was  found  that  the  pixels 
in  this  2-D  array  PSPCD  do  not  cross  talk.  Fig.  4  shows 
different  images  observed  on  the  LED  array  with  variant 
beam  condition  and  slit  settings.  We  have  also  studied 
several  different  CVD-diamond  products  from  different 
vendors  with  different  manufacturing  process.  We  found 
that,  only  certain  CVD-diamonds,  those  with  low 
impurity  concentrations  (specifically  nitrogen  and 
graphite),  are  suitable  for  use  as  imaging  detectors. 


3  TESTS  OF  THE  PSPCD  WITH  GAMMA  RAYS 

We  have  started  study  of  the  CVD-diamond-based 
position  sensitive  detector  with  high-dose-rate  gamma- 
ray  beams.  Preliminary  experimental  results  with  a  “Co 
source  at  a  NIST  radiation  laboratory  show  that  it  is 
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feasible  to  use  CVD-diamond  as  an  imaging  detector  for 
high-dose-rate  gamma  rays. 

The  high-flux  60Co  vertical-beam  source,  which  we 
used  at  the  NIST,  has  33.0  Gray/hour  or  1.45xl09 
photons/cm2/sec  photon  flux  with  1.2  MeV  photon 
energy. 
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Fig.  4.  Different  images  observed  on  the  LED  array  with 
various  undulator  gap  sizes  and  slits  settings. 

A  20-mm-thick  tungsten  slit  was  applied  to  form  a 
narrow  test  beam  2.9-mm  wide.  The  PSPCD  sample  was 
mounted  on  a  precision  stepping-motor-driven  stage  with 
linear  encoder.  The  distance  from  the  60Co  source  to  the 
PSPCD  was  480  mm.  The  PSPCD  test  sample 
demonstrated  a  0.059  nA/mm  positioning  sensitivity  on  a 
10  mm  x  10  mm  single  element  with  6  volts  bias.  Fig.  5 
shows  the  PSPCD  time  response  to  the  gamma-ray 
photon  shutter.  The  PSPCD  readout  rise  time  was  limited 
by  the  shutter  speed  and  the  system  capacitance. 


4  SUMMARY 

We  have  developed  a  novel  position-sensitive 
photoconductive  detector  using  free-standing  insulating- 
type  CVD  diamond  as  its  substrate  material.  Several 
different  configurations,  including  1-D  and  2-D  arrays  as 
imaging  detectors  for  beam  profilers,  have  been 
developed.  Tests  on  different  PSPCD  devices  with  high- 
heat-flux  undulator  white  beam,  as  well  as  with  a  high- 
flux  gamma-ray  source,  have  been  done  at  the  APS  and 
NIST.  It  was  proven  that  the  insulating-type  CVD 
diamond  can  be  used  to  make  a  hard  x-ray  position- 
sensitive  detector  based  on  the  photoconductivity 
principle  and  that  acts  as  a  solid-state  ion  chamber. 


PSPCD  Test  at  NIST 


Time  (nw) 


Fig.  5.  PSPCD  time  response  to  the  photon  shutter  motion  during  the 
test  at  the  NIST  high  flux  “Co  gamma  ray  source. 


5  ACKNOWLEDGEMENTS 

The  authors  would  like  to  thank  Rogelio  Ranay, 
Michel  Lehmuller  from  the  APS,  and  James  Puhl  from 
the  NIST  for  their  help  in  the  PSPCD  experiment.  This 
work  was  supported  by  the  U.S.  Department  of  Energy, 
BES-Materials  Science,  under  contract  W-31-109-Eng- 
38. 

REFERENCES 

[1] .  Cotty  W.  F„  (1956),  Nature  177  1075-6. 

[2] .  Kozlov  S.  F.,  Stuck  R.,  Hage-Ali  M.,  and  Siffert  P., 
(1975),  IEEE  Trans.  Nucl.  Sci.,  NS-22  160-170. 

[3] .  Kania  D.  R.,  Pan  L.,  Kornblum  H.,  Bell  P.,  Landen 
O.  N.,  and  Pianetta  P.,  (1990),  Rev.  Sci.  Instrum.  61 
(10)  2765. 

[4] ,  Keddy  R.  J.,  Nam  T.  L.,  and  Burns  R.  C.,  (1987), 
Phys.  Med.  Biol.,  Vol.32,  No.  6,  751-759. 

[5] .  Kozlov  S.  F.,  Bachurin  A.  V.,  Petrusev  S.  S.,  and 
Fedorovsky  Y.  P.,  (1977),  IEEE  Trans.  Nucl.  Sci., 
NS-24  240-241. 

[6] ,  D.  Shu,  and  T.M.  Kuzay,  (1996),  Rev.  Sci.  Instrum. 
67(9). 

[7] ,  D.  Shu,  J.  Barraza,  T.  M.  Kuzay,  G.  Naylor,  and  P. 
Elleaume,  Proceedings  of  the  1997  International 
Particle  Accelerator  Conference,  2210-2213. 

[8] ,  D.  Shu,  T.  M.  Kuzay,  Y.  Fang,  J.  Barraza,  and  T. 
Cundiff,  (1998),  Journal  of  Synchrotron  Radiation,  5, 
636-638. 


2092 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


COMMISSIONING  RESULTS  OF  THE  NARROW-BAND  BEAM  POSITION 
MONITOR  SYSTEM  UPGRADE  IN  THE  APS  STORAGE  RING 

O.  Singh,  C.  Doose,  J.  Carwardine,  G.  Decker,  F.  Lenkszus  and  R.  Merl 
Advanced  Photon  Source,  Argonne,  EL  60439  USA 


Abstract 

When  using  a  low  emittance  storage  ring  as  a  high 
brightness  synchrotron  radiation  source,  it  is  critical  to 
maintain  a  very  high  degree  of  orbit  stability,  both  for  the 
short  term  and  for  the  duration  of  an  operational  fill.  A 
fill-to-fill  reproducibility  is  an  additional  important 
requirement.  Recent  developments  in  orbit  correction 
algorithms  have  provided  tools  that  are  capable  of 
achieving  a  high  degree  of  orbit  stability.  However,  the 
performance  of  these  feedback  systems  can  be  severely 
limited  if  there  are  errors  in  the  beam  position  monitors 
(BPMs).  The  present  orbit  measurement  and  correction 
system  at  the  APS  storage  ring  utilizes  360  broad-band- 
type  BPMs  that  provide  turn-by-turn  diagnostics  and  an 
ultra-stable  orbit:  <1.8  micron  rms  vertically  and  4.5 
microns  rms  horizontally  in  a  frequency  band  of  0.017  to 
30  Hz.  The  effects  of  beam  intensity  and  bunch  pattern 
dependency  on  these  BPMs  have  been  significantly 
reduced  by  employing  “offset  compensation”  correction. 
Recently,  40  narrow-band  switching-type  BPMs  have 
been  installed  in  the  APS  storage  ring,  two  in  each  of  20 
operational  insertion  device  straight  sections,  bringing  the 
total  number  of  beam  position  monitors  to  400.  The  use  of 
narrow-band  BPM  electronics  is  expected  to  reduce 
sensitivity  to  beam  intensity,  bunch  pattern  dependence, 
and  long-term  drift.  These  beam  position  monitors  are 
used  for  orbit  correction/feedback  and  machine  protection 
interlocks  for  the  insertion  device  beamlines.  The 
commissioning  results  and  overall  performance  for  orbit 
stability  are  provided. 

1  INTRODUCTION 

The  third-generation  synchrotron  light  sources,  such  as  the 
Advanced  Photon  Source  (APS)  storage  ring,  must  meet 
very  tight  orbit  stability  requirements  needed  for  low- 
emittance  charged  particle  beams.  These  requirements  get 
even  tighter  as  the  beam  size  reduces  further.  The  orbit 
stability  work  at  APS  is  at  the  forefront  in  many  ways; 
here,  we  will  discuss  results  of  recently  commissioned 
narrow-band  switching-type  beam  position  monitors 
(NBBPMs),  connected  to  the  insertion  device  chambers. 

This  type  of  BPM,  first  developed  in  the  late  1980s  [1], 
was  followed  by  several  design  improvements  [2,3], 
particularly  a  significant  increase  in  the  input  dynamic 
range.  The  bulky  chassis-type  package  has  been  reduced 
to  a  single  height  Euro-type  module  with  several  practical 
built-in  features.  Such  a  unit  now  is  commercially 


available.  Forty  of  these  units  have  been  integrated 
together  with  the  existing  360  broad-band-type  or 
monopulse  beam  position  monitors  (MPBPM).  Front-end 
upgrade  work  on  the  MPBPM  system  is  also  in  progress, 
which  will  enhance  the  global  orbit  stability  performance 
[4]. 

Two  orbit  correction  systems  -  “fast”  [5]  and  “slow” 
[6]  -  that  correct  the  orbit  up  to  about  50  Hz  have  been 
employed  at  the  APS  storage  ring.  Both  systems  make 
orbit  correction  only  for  the  long  spatial  wavelength 
motions,  taking  great  statistical  advantage  of  a  large 
number  of  BPMs,  thus  not  responding  to  local  artificial 
effects  that  may  be  exhibited  by  individual  BPMs.  The 
“offset  compensations,”  based  upon  “scrape  down”  fitted 
data  [6],  are  made  to  the  raw  BPM  data.  This  reduces  a 
large  number  of  systematic  errors,  such  as  intensity/bunch 
pattern  dependency  and  thermal  effect  in  the  data, 
presented  to  the  orbit  correction  algorithms. 

The  bench  data  for  NBBPMs  show  that  the  beam 
intensity  dependence  is  less  than  2  microns  in  the  upper  40 
dB  of  the  power  range,  but  it  is  challenging  to  make 
similar  claims  in  the  storage  ring.  Uncertainty  in  the  orbit 
itself  and  the  thermally  induced  chamber  motion  are  some 
of  the  culprits  that  contaminate  the  measurements.  The 
high  performance  x-ray-type  beam  position  monitors 
(XBPMs)  [7]  have  been  routinely  used  as  a  reliable 
reference,  but  only  for  the  bending  magnet  (BM)  sources. 
However,  recent  work  done  by  modifying  the  lattice  [8] 
for  one  insertion  device  may  hold  the  key  to  future  use  of 
XBPMs  as  a  reference  for  ID  sources  as  well. 

2  INSTALLATION/COMMISSIONING 

There  are  ten  Eurocrates  installed  around  half  the  ring, 
each  housing  NBBPM  modules  for  two  sectors.  The 
NBBPM  output  signals  are  sent  to  a  digitizing  beam 
position  limit  detector  (DBPLD)  for  machine  protection 
[9].  The  response  time  requirement  of  350  microseconds 
for  a  beam  deflection  of  +/-  1  mm  is  easily  met.  A  300- 
Hz  anti-aliasing  filter  module  is  used  to  provide  input  to  a 
16-bit  orbit  measurement  digitizer  that  samples  at  the  orbit 
feedback  rate  of  1.6  kHz.  This  sampled  data  is  fed  to  the 
real-time  feedback  system  and  to  an  averager  that  then 
passes  data  to  the  “slow”  correction  system.  The  NBBPM 
calibrations  for  the  8-mm  chamber  are  3V/mm  and 
5V/mm  for  vertical  and  horizontal  planes,  respectively. 

The  MPBPM  electronics  had  previously  been  connected 
to  the  small  gap  chamber's  buttons  (P0  buttons),  which 
were  moved  earlier  from  the  nearby  standard  chamber 
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buttons  (PI  buttons),  as  the  insertion  device  chambers 
were  installed.  Since  the  NBBPM  electronics  were  to  be 
connected  to  PO  buttons,  the  MPBPM  electronics  had  to 
be  moved  back  to  PI  buttons.  This  exchange  was  done  in 
several  stages,  by  swapping  electronics  for  only  a  few 
insertion  device  chambers  at  a  time.  Careful  procedures 
were  followed  to  ensure  the  user  orbit  was  restored  as 
closely  as  possible.  After  the  swap,  standard  practice  was 
to  perform  an  orbit  correction  without  using  the  swapped 
BPMs,  followed  by  enabling  these  BPMs  and  generating 
new  offset  values  based  on  the  newly  measured  orbit.  In 
some  cases,  further  alignment  was  required  at  a  user’s 
request. 

3  BENCH  MEASUREMENT  DATA 

The  rms  noise  and  linearity  error  were  measured  in  a 
bench  setup;  data  is  shown  in  Fig.  1.  A  continuous  wave 
(CW)  signal  from  an  rf  source  at  351.927  MHz  together 
with  a  1-4  power  splitter  were  used  to  simulate  button 
signals.  The  power  level  was  varied  such  that  a  range  of  - 
10  dBm  to  -70  dBm  was  achieved  at  the  input  of  NBBPM 
electronics.  Note  that  100  mA  in  the  APS  storage  ring 
generates  about  -30  dBm  power  at  351.927  MHz  (with 
centered  beam),  when  measured  at  the  NBBPM 
electronics.  The  measurement  in  Fig.  1  shows  that  the 
noise  and  linearity  for  the  full  range  vary  up  to  22 
microns,  but  for  a  normal  user  run  (about  -30  dBm  to  -40 
dBm),  these  variations  are  only  between  1  to  2  microns. 

NBBPM  Bench  Measurement  Data 


Input  Power  (  dBm ) 

Figure  1:  Noise  and  linearity  data  vs.  input  power 

As  also  seen  in  Fig.  1,  the  “good”  range  of  -10  to  -30 
dBm  is  not  used  due  to  the  low  power  level  of  the  stored 
beam.  To  boost  the  power  levels,  preliminary  work  has 
shown  that,  with  minor  modifications,  an  rf  matching 
network,  developed  for  the  MPBPM  upgrade  (4],  boosts 
the  power  level  by  8  to  10  dBm.  These  matching  networks 
will  be  installed  in  the  near  future  at  all  P0  buttons. 

Measurements  were  also  made  to  characterize  the 
narrow-band  filter  that  rejects  the  revolution  harmonics 
around  the  rf  frequency.  These  harmonics,  at  271.5  kHz 
away,  were  only  about  25  dB  down  from  the  center 
frequency  amplitude.  This  could  have  an  impact  on  the 
bunch  pattern  dependency  and  further  studies  are  needed. 


4  STORAGE  RING  DATA 

All  NBBPMs  have  been  commissioned  for  the  slow  orbit 
correction  system,  increasing  the  total  number  of  available 
BPMs  to  400.  Work  is  in  progress  to  include  NBBPMs  for 
the  real-time  feedback  system.  To  quantify  the  overall 
performance  of  NBBPMs  in  the  storage  ring  is  rather 
difficult,  but  data  show  that  there  are  significant 
improvements  both  in  the  intensity  and  in  the  bunch 
dependency.  We  also  make  use  of  XBPM  data  to  compare 
some  results. 

The  scrape  down  data  shown  in  Fig.  2  indicate  that  there 
is  a  reduction  in  the  offset  compensation  by  almost  a 
factor  of  2.  This  data  is  taken  in  a  controlled  set  of 
conditions  where  the  orbit  is  believed  to  be  as  stable  as 
possible,  as  the  storage  ring  current  is  scraped  from  100 
mA  to  40  mA  in  about  20  minutes.  The  MPBPM  data 
were  taken  in  early  1998  when  all  ID  chamber  buttons 
were  connected  to  MPBPM  electronics.  The  NBBPM  data 
were  taken  in  early  1999  when  same  ID  chamber  buttons 
were  connected  to  NBBPM  electronics.  It  is  believed  that 
a  smaller  amount  of  systematic  errors  should  provide  a 
better  estimate  for  orbit  correction. 


Offset  Compensation  Data 


Figure  2:  Scrape  down  data  for  MPBPMs  and  NBBPMs 


We  performed  an  experiment  where  we  did  almost  the 
opposite  of  scrape  down.  The  storage  ring  was  filled  at 
about  two-minute  intervals  from  50  mA  to  100  mA.  The 
data  in  Fig.  3  shows  that  orbit  drift,  as  measured  by  all 
NBBPMs,  is  less  than  3.5  microns  for  both  planes  as 
compared  to  seven  microns  measured  during  scrape  down. 
In  this  experiment,  all  designated  bunches  were  filled 
except  those  used  by  the  MPBPMs,  making  the  MPBPM 
system  insensitive  to  the  intensity  changes  (not  the  case 
during  scrape  down),  and  thus  perhaps  providing  a  better 
orbit  control.  Note  that  horizontal  drift  cannot  be  observed 
in  the  bottom  trace  due  to  a  higher  orbit  noise  level 
exhibited  in  the  horizontal  plane.  However,  it  can  safely 
be  concluded  that  the  intensity/bunch  dependency  effects 
in  NBBPMs  are  less  than  3.5  microns  for  a  fill  of  50  to 
100  mA. 
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NBBPM  Orbit  Drift  Data 


Figure  3:  Orbit  drifts  as  measured  by  NBBPMs 


The  NBBPMs  can  measure  submicron  level  changes. 
The  top  trace  in  Fig.  4  is  horizontal  XBPM  data  shown  for 
a  period  of  about  seven  hours  during  a  user  run;  it  shows  a 
downward  motion.  This  XBPM  is  located  ~  15  m  away 
from  the  ID  source  and  therefore  has  an  angular  advantage 
of  ~  12  over  NBBPMs.  The  bottom  trace  is  a  computed 
signal  (called  forward-mapped)  at  the  XBPM  location 
derived  from  NBBPMs  straddling  the  ID  source.  This 
trace  shows  a  combination  of  a  downward  motion 
overlapped  with  a  periodic  motion  that  is  about  33 
minutes  long.  Since  the  similar  periodic  motion  is  not  seen 
on  the  XBPM,  it  is  apparently  not  a  real  orbit  motion.  The 
observed  periodic  motion  in  NBBPMs  is  probably  due  to 
submicron  level  motion  of  the  chambers  to  which  these 
BPMs  are  attached,  and  is  caused  by  a  correlated  periodic 
variation  that  has  been  observed  in  the  chamber  cooling 
water  temperature.  It  is  noteworthy  to  point  out  that  the 
orbit  correction  system  does  not  respond  to  such 
variations,  as  it  only  corrects  for  long  spatial  wavelength 
orbit  changes. 


XBPM  and  NBBPM  Drift  Data 


Figure  4:  X-ray  BPM  and  rf  BPM  forward-mapped  data 


The  NBBPM  also  provides  signals  for  the  digitizing 
beam  position  limit  detector  (DBPLD),  an  interlock  that 
detects  beam  missteering  conditions.  This  system  works 
well  for  stored  beam,  but  has  not  yet  been  commissioned 
for  top-up  operation.  The  vertical  BPM  sensitivity 
(V/mm)  for  the  small-gap  insertion  device  chambers  has  a 
strong  dependence  on  horizontal  beam  position.  This  was 
evident  during  injection  when  several  mm  horizontal  orbit 


transient  occurred,  inducing  a  false  vertical  transient.  It 
was  also  observed  that  this  coupling  showed  a  minimum 
as  DC  vertical  orbit  was  varied.  The  vertical  position 
where  minimum  is  observed  probably  indicates  the 
vacuum  chamber’s  geometric  center.  Further  work  is  in 
progress,  so  that  the  DBPLD  can  be  used  in  the  near 
future.  Presently,  the  older  system  (BPLD)  connected  to 
P2  buttons  is  used  to  protect  the  machine. 

5  CONCLUSIONS 

Data  from  the  bench  and  storage  ring  show  improvements 
in  orbit  measurement  by  the  NBBPM  system.  The 
intensity  and  bunch  dependence  effects  are  smaller. 
Further  work  is  in  progress  to  characterize  these  BPMs 
more  precisely  utilizing  XBPMs. 
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Abstract 

This  paper  presents  a  global  view  of  the  proposed 
diagnostic  systems  for  DIAMOND,  but  discusses  in 
greatest  detail  the  EBPMs,  including  data  acquisition  and 
control.  Details  of  Total  Current  Monitor  systems,  and  an 
active,  beam  position  based  interlock  system  for 
protecting  ID  vessels  against  thermal  damage,  by  beam 
mis-steer,  are  also  included. 

1  INTRODUCTION 

The  DIAMOND  light  source  project  is  proposed  as  the 
replacement  for  the  Synchrotron  Radiation  Source  (SRS) 
machine  currently  situated  at  Daresbury  Laboratory.  This 
accelerator  source  will  consist  of  a  main  ring  and  most 
likely  a  gun,  linac  or  microtron,  and  booster  pre-injection 
system.  These  combined  components  will  be  capable  of 
providing  full  energy  injection  and  allow  ‘top  up  mode’ 
running  if  required. 

The  Electron  Beam  Position  Monitoring  (EBPM)  and 
ancillary  diagnostic  systems  for  DIAMOND  will  be 
extensive,  comprehensive  and  complex.  A  fully 
instrumented  pre-injector  system  is  envisaged, 
complemented  by  high  specification  installed  monitors  in 
the  main  machine,  to  achieve  the  demanded  performance. 


Table  1 :  Machine  Parameters 


Lattice 

20  Cell,  DBA 

Energy  [GeV] 

3.0 

Accelerating  Frequ.  (MHz) 

500 

Circumference  [m] 

396.8 

Max  length  for  IDs  [m] 

16x4.76; 

4x8.14 

Injection  energy  [GeV] 

3.0 

Beam  current  [mA] 

300 

Source  size  (fwhm)  [pm2] 
Low  beta  straight;  h  x  v 
High  beta  straight;  h  x  v 
Long  straight;  h  x  v 

78  x  14 

335  x  12 

331  x  23 

Number  of  EBPMs 

140  (7  per  cell) 

Accuracy  (H  &  V) 

1pm 

Stability  Required  (H  &  V) 

10%  beam  size 

All  areas  of  beam  transport,  ramping  and  storage  will  be 
equipped  with  EBPMs  and  other  diagnostic  systems  to 
provide  position  control,  feedback  and  protection  where 
necessary.  Since  the  storage  ring  is  the  most  critical  with 
regards  to  operational  stability  and  performance,  it  is 


possible  to  describe  a  reasonable  installation  scheme  for 
the  EBPMs  associated  with  this,  and  other  principal  areas 
including  the  pre-injection  stages.  A  review  of  the  main 
storage  ring  parameters  that  directly  concern  the 
diagnostic  systems  are  shown  in  Table  1. 

2  PRE-INJECTION  DIAGNOSTICS 

2.1  Beam  Position  Transport  Diagnostics 

Beam  extracted  from  the  electron  source  will  be  produced 
with  an  RF  structure  at  the  machine  frequency  of 
500MHz.  Bunched  beam  current  pulses,  after  extraction 
at  rates  between  5  and  10Hz,  will  pass  through  an 
accelerating  stage  to  the  booster  ring  and  then  to  the 
storage  ring.  The  RF  structure,  relativistic  nature  and 
sufficiency  of  beam  current  allows  the  use  of  capacitive 
button  type  pickup  EBPM  heads  to  be  located 
appropriately  along  the  flight  paths.  For  efficiency,  it  is 
hoped  to  rationalise  the  EBPM  head  to  a  single  standard 
four  button  ‘on  axis’  type  giving  two  fully  isolated 
measurements  for  each  plane. 

Since  beam  production  is  pulsed,  the  detection 
electronics  will  be  of  the  single  shot  type.  The  processing 
detector  electronics  for  such  a  system  will  be  required  to 
resolve  beam  position  to  the  order  of  200pm.  This  can  be 
achieved  using  synchronous  homodyning  detector 
systems[l]  located  in  an  adjacent  accessible  areas.  Two 
pre-processing  180°  hybrids  mounted  local  to  the  EBPM 
heads  will  be  used  to  provide  sum  and  difference  outputs. 
These  will  be  switched  into  the  detector  electronics  to 
provide  alternate  readings  from  consecutive  gun  pulses  of 
horizontal  and  vertical  beam  position.  The  output  of  these 
detectors  will  be  fed  into  local  analogue  to  digital 
conversion/digital  signal  processing  (ADC/DSP)  systems 
for  quantisation  then  input  into  the  control  system  to 
provide  graphical  mimic  displays  and  steering  feedback. 

In  keeping  with  the  intended  policy  of  integrating 
comprehensive  diagnostics  aids  into  all  areas  of 
DIAMOND,  it  is  likely  that  some  form  of  pulse-beam 
monitoring  will  be  included  in  both  transport  lines.  This 
will  be  designed  around  commercial  devices,  and  will 
include  an  integrating  beam  charge  monitor  located  after 
the  gun  to  monitor  gun  efficiency.  Fast  AG  current 
transformers  may  also  be  included  at  the  ends  of  both 
transport  lines  to  provide  indications  of  pre-injector 
efficiency. 
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2.2  Booster  Synchrotron  Diagnostics 


Beam  captured  in  the  booster  synchrotron  will  be 
accelerated  to  the  storage  ring  energy  at  a  frequency  upto 
10Hz.  Four-button  on-axis  EBPM  pickups  will  be 
installed  at  regular  intervals  around  the  circumference; 
position  resolutions  of  200|J.m  should  be  adequate.  As  is 
the  case  for  the  beam  transport  system,  the  beam  will  be 
present  only  for  a  short  time  and  so  a  single  shot  detector 
will  also  be  suitable  for  application  here.  A  high  speed 
horizontal  and  vertical  switching  system  and  associated 
ADC/DSP  system  will  allow  readings  to  be  taken  from  all 
EBPMs,  in  both  planes,  during  the  beam  fill  time, 
enabling  feedback  to  be  applied  as  required.  Figure  1 
shows  a  schematic  arrangement  of  such  a  system.  This  is 
similar  to  that  which  would  be  fitted  to  the  transport  lines. 


Figure  1 :  Basic  Booster/Beam  Transport  EBPM  System. 

A  delayed  storage  ring  trigger  pulse  is  used  to  arm  the 
DSP  for  data  collection.  This  will  be  used  to  gate  out 
unwanted  artefacts  from  the  injection  pulse. 

Additionally  a  commercially  available  Total  Current 
Monitor  (or  Parametric  Current  Transformers,  PCT),  plus, 
one  on  axis,  quarter  wavelength  strip-line  vessel  will  be 
installed  within  the  booster.  The  strip-line  will  provide 
high  sensitivity  ‘clean’  signals  direct  to  the  Main  Control 
Room  (MCR).  A  suitable  coaxial  multiplexer  will  be  used 
to  provide  processing  to  allow  tune  measurements  to  be 
made  via  a  further  synchronous  detector  and  digital 
oscilloscope. 


mechanical  stability,  should  provide  the  storage  ring  with 
known  stable  beam  position  alignment  references.  Again 
for  efficiency,  the  pickup  heads  will  be  of  a  single 
rationalised  design.  A  prototype  design  for  the  pickup 
head  is  shown  in  Figure  2. 


Figure  2:  Typical  Storage  Ring  EBPM  Head  vessel 
Design  and  capacitive  button  pickup. 


Daresbury  modified,  ESRF  type,  capacitive  button 
pickups  are  used  for  the  EBPM  head.  These  have  reduced 
capacitance,  which  allows  scanning  wire  bench 
calibration  of  the  pickup  head  at  low  frequency  (5  MHz). 
Electrostatic  finite  element  analysis  of  the  EBPM  head 
has  been  carried  out  in  both  planes  using  QuickField™. 
This  has  shown  an  adequate  horizontal  response  but  poor 
vertical  response  from  the  four  buttons.  This  can  be 
compensated  for  by  the  inclusion  of  separate  on-axis 
buttons  for  the  vertical  plane,  with  the  added  advantage  of 
completely  de-coupling  vertical  beam  movements  from 
those  in  the  horizontal  plane.  The  electrical  response  for 
this  configuration,  shown  in  Figure  3  gives  calibration 
factors  near  the  centre  of  less  than  12.5  for  each  plane. 


0  a  4  •  •  10  12  14  w 
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Figure  3:  Horizontal  and  Vertical  Calibration  Curves. 


3  STORAGE  RING  DIAGNOSTICS 

3.1  Storage  Ring  Main  EBPM  System 

The  storage  ring  main  EBPM  system  will  consist  of  140 
EBPMs,  with  at  least  7  heads  incorporated  within  each 
cell  of  the  machine.  Straights  containing  insertion  devices 
will  have  heads  that  are  fixed  onto  highly  stable  mounts 
to  reduce  mechanical  movement,  the  greatest  source  of 
beam  stability  problems.  These  ‘golden’  EBPMs  will 
share  the  same  type  of  processing  electronics  as  the 
remainder  of  the  EBPMs,  but  with  their  improved 


Signal  processing  for  these  EBPMs  will  be  done  at 
several  accessible  marshalling  points  around  the  storage 
ring,  using  precision  commercial  detector  electronics[2]. 
These  detectors  offer  an  improvement  over  the  current 
Daresbury  type  detectors  in  that  they  have  faster  update 
rates  (up  to  2.5kHz)  and  are  more  cost  effective.  The 
output  of  these  detectors  will  pass  into  a  DSP  system  for 
quantisation  and  presentation  to  the  controls/positional 
feedback  system.  Once  again,  the  same  electronic  systems 
will  be  applied  to  all  EBPMs  to  standardise.  The 
combination  of  the  proposed  small  beam  dimension  and 
operating  current  specification  of  the  detectors  means  that 
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the  system  will  heavily  rely  on  mechanical  stability  to 
achieve  its  specification.  A  separate,  dedicated  single  turn 
detector  will  be  included  on  the  ‘golden’  EBPM  pickups 
to  assist  with  machine  operations  and  accelerator  physics. 
Figure  4  below  shows  a  typical  detector  system. 


Figure  4:  Typical  Storage  Ring  ‘Golden’  type  EBPM 

Additionally,  a  commercial  PCT  will  be  installed,  along 
with  an  on  axis  diagnostic  quarter  wavelength  strip  vessel 
for  basic  beam  diagnostics.  A  45°  strip-line  vessel  will 
also  be  fitted  to  provide  a  beam  tickler  drive  and  pickup. 

3.1  Machine  Protection  and  ID  EBPMs 

For  each  of  the  IDs  installed  in  the  proposed  source,  an 
active  electronic  interlock  system  will  be  required,  to 
protect  the  associated  narrow-gap  vessel  from  potential 
thermal  damage,  that  would  result  from  mis-steered 
beam.  It  is  intended  that  the  same  successful  philosophy 
of  operation,  as  employed  in  both  vessel  protection 
systems  currently  operational  in  the  SRS,  will  be  applied 
to  these  future  systems[3]. 

The  two  primary  interlock  inputs  will  be  beam 
displacement  information  for  the  vessel,  and  temperature 
of  the  vessel  walls  and  flanges,  either  of  which  will  be 
capable  of  tripping  off  the  machine  RF  at  potentially 
damaging  levels.  As  in  the  SRS,  monitoring  of  the  beam 
position  will  be  designed  around  commercially  available 
processing  electronics  operating  from  EBPMs  within  the 
ID  vessel  itself,  while  a  thermocouple  array  interfaced  via 
a  Programmable  Logic  Controller,  will  monitor  the 
temperature  of  the  vessel  walls.  Because  reliability  is 
paramount,  the  integrity  of  all  electronic  hardware  both 
primary  and  secondary,  and  also  of  that  hardware 
providing  support  signals,  will  be  monitored. 

Since  the  application  of  this  philosophy  to  the  SRS 
vessel  protection  has  led  to  a  flexible  design  of 
satisfactory  result,  it  is  likely  that  the  design  will  be 
applied  en  bloc  to  the  requirements  of  DIAMOND. 
However  local  variations  in  the  distribution  of  EBPMs 
may  be  required  depending  on  specific  vessel  geometry. 

During  the  period  that  the  model  for  future  vessel 
protection  has  been  installed  in  the  SRS,  operational 
experience  has  highlighted  the  desirability  for  an 
integrated  development  enhancement  offering  diagnostic 
information  regarding  beam  position,  immediately  prior 
to  tripping  the  RF.  Figure  5  shows  a  schematic, 


illustrating  the  proposal. 
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Figure  5:  Beam  Loss  Data  Recording  System  From  Ids 

Samples  of  the  digitised  beam  position  signal  are  stored 
in  Random  Access  Memory  (RAM)  locations  during  read 
mode.  A  cyclic  counter  whose  serial  input  is  fed  from  a 
clock  source  provides  the  addressing  for  the  locations.  On 
beam  loss  the  address  counter  is  ‘frozen’  when  the  clock 
is  inhibited,  capturing  in  digital  form  the  recent  history  of 
beam  position.  Addressing  the  locations  via  the  parallel 
input  of  the  counter  can  access  the  stored  samples  when 
the  RAM  is  set  to  the  write  mode.  Accessed  samples 
could  be  read  digitally  or  converted  to  analogue  form. 

4  CONCLUSIONS 

This  overview  of  proposed  DIAMOND  diagnostics 
presents  realisable  solutions  for  the  major  EBPM  systems 
of  the  facility.  At  the  present  time,  the  systems  discussed 
for  the  pre-injection  stages  would  utilise  old  technology 
for  the  detectors,  requiring  extensive  in-house 
development  to  produce  an  economically  viable  design  of 
wide  application.  However,  a  suitable  commercial  unit  is 
at  present  under  development,  and  will  probably  be 
employed  when  available. 

When  active  development  of  data  processing  systems 
commences,  for  economic  reasons,  it  is  intended  that  the 
DSP  based  data  handling  system,  be  of  maximum 
versatility,  with  application  to  the  full  range  of 
DIAMOND  diagnostics. 
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Abstract 

The  Duke  FEL  storage  ring  is  a  lGev  electron  ring,  which 
is  designed  for  driving  UV-VUV  free  electron  lasers.  The 
ring  has  been  in  operation  since  November  of  1994  [1]  but 
the  beam  position  monitors  (BPMs)  were  connected  and 
operated  just  recently.  The  BPM  pick-ups  are  4  stripline 
electrodes.  In  order  to  reduce  the  higher-order-mode  loss 
excited  by  the  stored  beam  at  the  BPM  pick-up  area,  the 
BPM  vacuum  chamber  is  designed  with  4  grounding  strips 
between  the  electrodes  that  have  the  same  diameters  as  the 
electrode.  This  design  allows  the  electron  beam  to  see  a 
much  smoother  vacuum  chamber  at  the  BPM  area.  The 
pick-up  signals  are  processed  by  Bergoz’s  electronic 
modules,  which  give  X/Y  outputs  directly.  Each  BPM  has 
its  own  process  module  and  34  modules  have  been 
connected  to  the  EPICS  control  system.  The  beam  orbit 
now  can  be  displayed  and  corrected  through  EPICS  in  the 
control  room.  The  system  performance  and  the  test  data 
will  be  presented  in  this  paper. 

1  INTRODUCTION 

The  Duke  FEL  storage  ring  has  two  arc  sections  with  6.7- 
meter  radii  and  two  long  straight  sections  (34-meter  each). 
The  stored  beam  has  a  bunch  length  FWHM  (Full  Width 
Half  Maximum)  of  10-30  mm.  The  stripline  electrode 
BPM  has  been  developed  and  installed.  Since  the  vacuum 
chamber  in  the  arc  sections  has  a  much  smaller  diameter 
than  in  the  straight  sections,  two  types  of  BPM  electrodes 
are  designed  to  fit  the  vacuum  chamber  size  in  these  areas. 
A  special  design  effort  of  adding  four  grounding  strips, 
which  are  parallel  to  the  pick-up  electrode,  has  reduced 
the  chamber  impedance  further.  There  are  36  BPMs 
installed  on  the  arc  sections,  one  BPM  per  arc  quadruple 
magnet,  and  18  BPMs  in  the  straight  sections.  The  signal 
processing  system  works  at  178.5  MHz,  which  is  the 
fundamental  ring  RF  frequency.  A  total  of  34  BPMs  have 
been  connected  to  the  EPICS  control  system.  The  system 
has  been  in  operation  since  September  1998.  Detailed 
mechanical  design,  calibration  procedure  and  system 
performance  will  be  presented  in  the  following  sections. 

2  MECHANICAL  DESIGN 

Both  types  of  BPMs  utilize  short  stripline-style  electrodes, 
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F49620-93- 1 -0590  and  U.  S.  Office  of  Naval  Research  Grant  N00014- 
94-1-0818 

#Email:  wanp@fel.duke.edu 


electrically  grounded  at  one  end  by  either  welding  or 
brazing  to  the  outer  vacuum  envelope,  and  at  the  other  end 
separated  from  making  electrical  contact  by  the  presence 
of  a  physical  gap  of  0.5-mm  width.  At  the  end  closest  to 
this  gap,  a  ceramic-to-metal  electrical  feedthrough  is 
affixed  by  a  lightly  welded  contact,  and  the  signal  induced 
on  the  electrode  by  the  passing  electron  bunch  is  carried 
through  the  vacuum  wall  to  a  SMA  coaxial  connector. 
The  lengths  of  these  striplines  (from  their  grounded  end  to 
the  center  of  the  electrical  feedthrough  pin  at  the  other 
end)  are  21.64  mm  for  the  arc  BPM  and  30.53  mm  for  the 
straight  section  BPM.  Longer  striplines  usually  are 
preferred  but  the  available  physical  space  limits  it.  The 
inner  radii  of  the  striplines  in  both  cases  is  the  same  as 
that  of  the  adjacent  vacuum  chamber  wall,  R17.78  mm  for 
the  arc  BPM  and  R47.75  mm  for  the  straight  section 
BPM.  To  further  enhance  the  impedance  matching,  the 
four  electrodes  are  interleaved  with  four  parallel  and 
otherwise  geometrically  identical  striplines,  dubbed  by  us 
as  “grounding  strips”,  which  are  brazed  or  welded  to  the 
adjacent  tube  wall  at  both  ends.  The  modules  are  rotated 
at  installation  so  that  the  electrode  strips  are  centered  at  45 
degrees  above  and  below  the  horizontal  orbital  plane  of 
the  electrons,  so  as  to  avoid  being  struck  directly  by 
synchrotron  radiation. 

A  prototype  electrode  ring  with  grounding  strips 
was  machined  from  aluminium  and  the  impedance  of 
striplines  was  measured.  With  adding  of  grounding 
striplines,  the  impedance  is  much  smaller  than  the  one 
calculated  from  a  parallel  stripline  with  the  same  width 
and  space  (32-ohm  instead  of  50-ohm).  Adjustments  were 
deduced  on  the  body  radii  with  the  goal  of  achieving  50- 
ohm  impedance  in  each  case.  The  final 
electrode/grounding  strip  pieces  were  machined  from  one- 
piece  stainless  steel  cylindrical  shells,  slit  lengthways  over 
part  of  their  length.  The  critical  dimensions  on  all  units 
were  machined  to  within  .001  to  .002  inch  of  their 
nominal  values.  Fig.  1  is  a  photograph  of  both  BPMs. 

3  BENCH  CALIBRATION 

After  the  BPMs  were  assembled  and  welded  together, 
they  were  serialized  and  individually  calibrated.  Two 
kinds  of  calibrations  were  performed.  One  is  to  measure 
the  offset  between  the  electrical  center  and  the  mechanical 
center.  This  has  been  done  for  every  single  BPM  body 
and  is  a  very  good  way  of  quality  control  for 
manufacturing.  Another  calibration  we  did  is  to  measure 
the  sensitivity  of  the  electrode  to  beam  motion.  This  is 
done  for  each  type  of  BPM.  A  bench  test  set  has  been 
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fabricated  to  perform  these  jobs.  The  test  set  has  a  V- 
block  fixture  to  hold  the  BPM  body.  To  simulate  the 
beam,  an  antenna  rod  carries  the  electronic  signal  going 
through  the  BPM  chamber  to  a  dummy  load.  The  BPM 
becomes  part  of  a  coaxial  transmission  line  where  the  rod 
is  the  central  conductor  and  the  BPM  body  is  the  outer 
conductor.  Two  tapered  cones  connected  at  both  ends  of 
the  BPM  chamber  are  made  to  reduce  the  effects  of  the 
impedance  mismatch.  The  output  signals  from  4  pick-ups 
are  used  to  get  the  position  of  the  antenna  rod  relative  to 
the  electrical  center  of  the  BPM.  The  test  set  is  sketched 
as  bellow: 


BPM  body 


X/Y  Output 


The  offset  between  the  electrical  center  and  the 
mechanical  center  can  be  derived  from  the  test  data 
measured  with  rotating  the  BPM  body.  The  mechanical 
center  is  referred  to  the  outer  surface  of  the  BPM  body, 
which  has  four  tooling  balls  for  alignment  purposes.  We 
measured  about  60  BPM  pick-ups  of  the  arc  sections  and 
25  of  the  straight  sections;  the  offset  for  most  of  them  is 
less  than  100  micrometers.  The  sensitivity  coefficient  is 
measured  with  the  antenna’s  displacement  near  the  center. 
The  test  results  is: 

Sx=Sy=6.67%/mm,  for  the  arc  section 

Sx=Sy=2.8%/mm,  for  the  straight  section 

The  beam  position  is  determined  by  the  following 
equations: 

X=k*  (V  a- Vb- V  c+ V  d)/(  V  a+ Vb+ V  c+ V  d) 

Y=k*(Va+Vb-Vc-Vd)/(Va+Vb+Vc+Vd) 

Were  Va,  Vb,  Vc,  and  Vd  are  detected  signals  from  the 
pick-up  electrodes  and  k=l/Sx. 

At  the  time  we  did  the  calibration,  the  BPM 
electronics  for  processing  the  pick  up  signals  was  not 
available.  A  short  pulse  signal  generated  from  the  snap 
diode  is  used  to  simulate  the  bunched  beam.  The  signal’s 
FWHM  is  around  lOOps,  which  corresponds  a  bunch 
length  of  30  mm  for  a  relativistic  beam.  A  fast  digital 
scope,  Tektronix  DSA-602,  is  used  to  record  the  output 
signals  from  each  pick-up  electrode.  Now  with  a  signal 
processing  electronics  working  at  178.5  MHz,  we  plan  to 


recheck  the  sensitivity  with  a  178.5  MHz  CW  signal  in  the 
near  future.  The  available  electrostatic  analysis  program 
also  will  be  used  to  get  the  sensitivities  at  larger 
displacement  from  the  center.  By  doing  so,  the  pin- 
cushion-like  distortion  can  be  compensated.  According  to 
Jim  Hinkson  at  LBL,  the  calculated  sensitivities  have  very 
good  agreement  with  his  bench  test  data  [2]. 


4  SIGNAL  PROCESSOR 

The  signal  processor  we  used  is  simple  and 
straightforward.  The  commercially  available  BPM 
electronic  modules  from  a  company  named  Bergoz  [3] 
are  employed.  Each  module  is  a  4"x6"  printed  circuit 
board,  which  accepts  the  4  pick-up  signals  and  gives  the 
X/Y  output  directly.  Each  BPM  has  its  own  electronic 
module.  The  amplifier  gain  of  this  module  is  set  at  0.2V 
output  for  1%  of  tested  signal  difference.  The  54  BPMs 
around  the  storage  ring  are  divided  into  4  divisions: 
Northwest,  Southwest,  Northeast,  and  Southeast.  There 
are  four  crates  located  at  each  corner  inside  of  the  ring. 
Each  crate  is  17  inches  wide,  11  inches  high  and  9  inches 
deep.  The  crate  can  hold  up  to  16  modules.  High  quality 
coaxial  cables  are  used  to  connect  each  BPM  pick-up 
electrode  to  the  signal  input  at  the  crate.  The  1/4"  Heliax 
coaxial  cables  were  selected  to  connect  the  straight  section 
BPM  because  of  its  low  loss  (2.4dB/100ft  at  200MHz)  and 
good  shielding,  since  the  straight  section  BPM  has  lower 
sensitivity  and  the  cables  are  longer.  The  relatively 
shorter  cables  for  arc  BPM  are  RG223  for  economy 
reasons.  Among  the  54  BPMs,  34  of  them  have  been 
connected  to  Bergoz  electronic  modules.  From  each 
Bergoz’s  module,  there  are  3  output  signals  (X,  Y  and 
sum)  sent  to  a  VME  crate  for  computer  readout.  The 
VME  crate  is  located  at  west-center  of  the  ring  where  the 
EPICS  system  is  connected. 
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5  SYSTEM  PERFORMANCE 

The  whole  BPM  system  started  to  operate  in  September 
1998.  At  the  beginning,  all  the  beam  position  data  were 
fluctuated  over  a  range  of  5-15%.  Observations  revealed 
that  the  X/Y  output  signals  had  strong  AC  components 
and  some  of  them  were  60  HZ  related  AC  noises.  It  was 
contributed  mainly  by  the  magnet  power  supplies.  The 
signal  conditioning  boards  purchased  from  VMIC 
Company  have  been  added  to  reduce  the  AC  noises.  Its 
function  is  to  provide  a  low  pass  filter  with  a  bandwidth  of 
3dB  attenuation  at  4  HZ.  With  the  conditioning  boards, 
the  fluctuation  has  been  reduced  to  +/- 25  micrometers 
over  a  short  period  (a  few  minutes)  of  time. 

The  system  has  a  beam  current  resolution  of 
about  1mA.  When  stored  beam  currents  are  below  1mA, 
the  beam  position  data  becomes  current  dependent. 
However,  most  of  our  ring  operations  are  not  at  the  low 
current  region  and  we  do  not  expect  this  to  be  a  significant 
problem  for  us.  The  beam  position  dataes  are  currently 
delivered  at  a  rate  of  2  HZ.  A  sophisticated  display  tool 
(ADT)  from  APS  is  used  for  beam  orbit  displaying. 

Overall,  our  BPM  system  is  still  in  the  process  of 
being  commissioned.  Our  future  goals  are: 

1)  Using  the  beam  to  calibrate  the  BPM  offset  related  to 
nearby  magnet 

2)  Using  the  beam  position  data  to  correct  beam  orbit 
(locally  and  globally) 

3)  Developing  a  slow  orbit  feedback  system  to  correct  the 
orbit  drifting 

4)  Establish  a  fast  (up  to  120  HZ)  beam  orbit  control 
feedback  system. 
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Abstract 

Work  has  been  performed  at  the  University  of  Maryland 
by  the  electron  beam  physics  group  to  design  and  develop 
a  prototype  capacitive  Beam-Position-Monitor  (BPM)  for 
an  electron  ring  project.  Extensive  theoretical  work  and 
PSPICE  simulation  of  the  equivalent  circuit  of  the  BPM 
have  been  conducted  to  fully  understand  the  behaviour  of 
the  capacitive  BPM.  This  BPM  has  4  pieces  of 
electrostatic  pickups  around  a  beam  pipe  of  2-inch 
diameter.  The  capacitance  between  the  electrode  and  the 
beam  pipe  is  approximately  0.55nF,  which  results  in  a 
time  constant  long  enough  to  reproduce  the  current 
waveform  faithfully.  A  bench  test  of  this  prototype  BPM 
has  been  completed.  The  test  shows  that  the  capacitive 
BPM  has  a  very  fast  response  to  the  beam  current  with 
high  sensitivity.  Also,  the  BPM  can  measure  the  beam 
centroid  displacement  with  adequate  accuracy.  In 
addition,  this  BPM  can  measure  the  total  beam  current  by 
appropriate  calibration. 


1  INTRODUCTION 

Both  capacitive  and  resistive  BPMs  are  widely  used  in 
charged  particle  accelerators  and  beam  lines.  At  the 
University  of  Maryland,  a  compact  electron  ring  (UMER) 
[1-3]  is  being  built  for  the  study  of  the  physics  of  space- 
charge-dominated  beams.  Because  the  beam  has  relatively 
low  energy  (10  keV),  it  is  very  easy  for  it  to  go  off-center 
due  to  stray  magnetic  fields  (the  earth’s  field  and  other 
stray  fields  due  to  the  presence  of  metal),  misalignments, 
etc.  To  guarantee  the  success  of  the  UMER,  the  beam 
centroid  motion  has  to  be  measured  very  accurately  and 
the  information  from  the  BPMs  must  be  provided  to  a 
beam  steering  system  to  steer  the  beam  back  to  the  central 
orbit.  Both  resistive  wall  BPMs  and  capacitive  BPMs  will 
be  used  in  the  UMER.  This  paper  will  discuss  the  theory 
and  design  of  the  capacitive  BPM.  The  resistive  wall  BPM 
has  been  discussed  in  the  pervious  paper.  [5] 


2  BASIC  PRINCIPLE 

Figures  1  and  2  are  the  schematics  of  a  capacitive  BPM 
and  its  equivalent  circuit.  In  Figure  1,  there  are  four 
electrodes  inside  the  beam  pipe  forming  four  capacitors. 
In  Figure  2,  C  is  the  capacitance  between  the  electrode 
and  beam  pipe  while  R,  is  the  bleeder  resistor  to  avoid 
excess  charge  accumulation  on  the  electrodes.  The  R,C 
time  constant  must  be  long  enough  to  be  able  to  reproduce 
the  beam  profile  faithfully.  Is  is  a  frequency  dependent 
current  source.  The  formula  to  calculate  Isis 
dQ  d>L  dlh(t) 
s  dt  2  nv0  dt  1  ^ 

Here,  L  is  the  electrode  length,  v0  is  the  beam  veolicty  and 
o  is  the  electrode  angle  width. 


v  Top  Electrode 


Figure  1.  BPM  schematic  drawing. 
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If  the  beam  is  centred,  the  four  pick-up  signals  are  the 
same.  When  the  beam  is  off-centred,  the  signals  from  four 
electrodes  are  different.  The  ratio  of  the  signals  from  the 
two  opposite  electrodes  will  give  us  the  beam  position 
information.  The  formula  is  as  following  [4] 


20  \og<yRIVL)  = 


160  Sin(Q/2)  jc 


lnlO  <t> 


20  ^8  Sin(3<t>  /  2) 


b  +  lnl0‘3 


O 


,Sin(<t>)Sin(<t>/2)  128  5m3(4>/2)1  jc3  r  0Sin(3Q/2) 

j  6 - - - +  — - 5 - J  r" + l-S - + 


<t>z 


JCSin(4»Sin(«>/2)  xy*  [ 
<t>2  b 3 


(2) 


If  x/b  is  small  enough,  we  can  take  the  first  term,  which  is 
the  linear  term.  The  formula  is  as  follows: 


201n(V^/VL)  = 


160  5w(Q/2)  * 
In  10  O  b‘ 


(3) 


Here,  b  is  the  pipe  radius  and  x  is  beam  displacement.  The 
coefficient  of  the  linear  term  is  called  the  sensitivity  of  the 
BPM,  the  parameter  that  we  are  most  interested  in.  The 
coefficient  of  the  second  term  tells  us  the  nonlinearity  of 
the  BPM.  We  can  compensate  this  term  by  calibrating  the 
BPM  on  the  x  or  y  axis.  The  third  term,  which  depends  on 
both  x  and  y  displacements,  is  called  the  coupling  between 
the  x  and  the  y  direction. 

The  coefficient  of  each  term  only  depends  on  the 
electrode  angular  width  d> .  Both  the  sensitivity  and  the 
nonlinear  term  are  greater  than  zero  if  <&  is  between  zero 
and  90°.  The  coupling  term,  however,  could  be  positive  or 
negative,  depending  on  .  We  could  let  it  be  zero  by 
using  an  appropriate  electrode  width  <J> . 

GmductiiigRod 


Movable  Range  Hd:Lp  Electrode 


Figure  3.  Bench  test  set  up. 


3  DESIGN  AND  BENCH  TEST 

A  prototype  capacitive  BPM  has  been  designed  and  built 
to  test  our  theory  of  the  capacitive  BPM.  There  are  four 
electrodes  inside  the  pipe.  The  electrodes  are  insulated 
from  the  grounded  wall  by  mylar,  which  has  a  dielectric 
constant  of  2.9  Eq-  Each  electrode  is  connected  to  a 
bleeder  resistor  R.  For  the  bench  test,  a  conducting 
cylindrical  bar  was  built  to  simulate  the  beam.  The  bar 
and  pipe  are  a  co-axial  structure  with  50f2  impedance.  The 


bar  can  move  freely  in  the  radial  direction  inside  the  pipe. 
A  pulser  provides  a  100  mA  current  pulse  on  the  bar  and 
the  pulse  is  terminated  by  a  50  Q  load.  Figure  3  shows  the 
set  up  of  this  bench  test.  The  parameters  of  the  prototype 
BPM  are  listed  in  Table  1  .[7] 


Tat 

?le  1.  BPM  parameters 

Pipe  inner  radius 

Electrode  radius 

Electrode  angle 

23.6  mm 

23.5  mm 

o 

m 

00 

Beam  Current 

Capacitance 

Resistance 

100  mA 

0.55  nF 

3k£2 

Figure  4  is  a  typical  BPM  signal  from  one  electrode 
when  the  beam  current  is  a  rectangular  waveform.  This 
figure  shows  that  the  BPM  output  can  reproduce  the  beam 
signal  faithfully. 


Tims(ns) 

Figure  4.  Typical  BPM  output  signal. 


As  the  beam  moves  off-centre,  the  voltage  from  the 
four  electrodes  are  different.  By  calculating  the  voltage 
ratio 

from  two  opposite  electrodes  we  can  find  the 
displacement  in  the  X  and  Y  directions  from  Eq.  3. 
However,  in  practice,  in  order  to  get  accurate  beam 
position  measurement,  the  BPM  has  to  be  calibrated. 
Figures  5  and  6  are  two  calibration  curves  on  both  X  and 


Figure  5.  Calibration  on  X  axis. 


Y  axes.  In  each  figure,  the  horizontal  axis  is  either  x  or  y 
offset,  and  the  vertical  axis  is  the  corresponding  voltage 
ratio  of  two  opposite  electrodes.  By  using  the  two 
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calibration  curves,  we  assume  that  the  voltages  from  the  X 
and  Y  direction  are  not  coupled,  otherwise  we  have  to 
calibrate  the  BPM  on  the  whole  X-Y  plane,  which  is  very 
tedious. 


4  CONCLUSION 

A  prototype  capacitive  BPM  has  been  designed  and  bench 
tested.  The  results  show  that  our  understanding  of  the 
capacitive  BPM  is  correct  and  the  performance  of  the 
BPM  can  meet  our  design  objectives.  A  real  BPM  will  be 
built  and  tested  for  electron  ring. 
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To  test  the  performance  of  this  BPM,  we  have  done  a 
bench  test.  We  set  the  conducting  rod  at  different  radial 
positions,  and  measured  the  beam  positions  based  on  the 
BPM  signal.  Then  we  compared  the  measurement  and  the 
mechanical  position.  Figure  7  shows  the  results  of  this 
measurement.  In  the  figure,  crosses  are  the  mechanical 
positions  and  dots  are  BPM  measurements.  Within  a  3- 
mm  displacement,  measurements  agree  with  the 
mechanical  position  pretty  well  (error  smaller  than 
0.2mm).  But  at  6  mm,  there  is  a  rather  large  difference 
between  them  (about  0.8mm).  We  think  this  is  due  to  the 
coupling  between  X  and  Y  electrodes.  Because  of  the 
existence  of  the  coupling  term,  the  voltage  ratio  in  the  x 
direction  depends  on  both  x  and  y  off-centring.  We  expect 
this  systematic  error  will  be  much  smaller  when  we 
optimise  the  electrode  angle. 


-1  01234567 


x(mm) 

Figure  7.  Comparison  between  the  set  up  and 
measurement.  (Cross:  set  up,  Dot:  measurement) 
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VIBRATING  WIRE  SCANNER  FOR 
BEAM  PROFILE  MONITORING 

Arutunian  S.G.,  Dobrovolski  N.M.,  Mailian  M.R.,  Sinenko  I.G.,  Vasiniuk  I.E. 
Yerevan  Physics  Institute,  Br.  Alikhanian  St.  2,  375062  Yerevan,  Armenia 


Abstract 


Method  of  beam  transverse  profile 
measurement  in  accelerators  by  scanning  wire  is 
wide-spread  in  accelerator  technology  [1-6].  In  this 
work  vibrating  wire  is  proposed  to  use  as  a  scanning 
wire.  In  such  way  the  system  of  radiation  (or 
secondary  particles)  extraction  and  measurement  can 
be  removed.  Dependence  of  oscillations  frequency 
on  beam  scattering  is  determined  by  several  factors. 
Our  estimations  show  that  influence  caused  by  wire 
heating  will  dominate. 

1  INTRODUCTION 

A  beam  of  charged  particles  affects  on 
vibrating  wire  frequency  in  several  ways:  mechanical 
transverse  influence  caused  by  transferred  pulse  of 
the  beam,  influence  of  beam  magnetic  field, 
radiation  affect  of  the  beam  on  the  wire  material, 
heating  of  the  wire.  The  last  effect  is  dominating, 
since  for  typical  currents  of  accelerator  beams  the 
wire  of  pm  diameter  heats  over  1000  K  [2,  3]. 

Authors  have  accumulated  a  certain 
experience  in  development  of  tension  gauges  on  the 
basis  of  vibrating  wire.  Frequency  long-time  relative 
stability  ~10'5  at  relative  resolution  ~10'6  is  obtained. 
As  a  result  of  frequency  multiplication  its 
measurement  become  much  more  accurate.  We  have 
used  such  pickups  for  measurement  of  spatial 
distribution  of  magnetic  field  [7]. 

2  EQUILIBRIUM  TEMPERATURE 

Consider  a  long  thin  round  wire,  strained 
along  the  y  axis.  Wire  ends  are  kept  at  constant 
temperature  T0 .  "Thin"  and  "long"  mean  that  the 
wire  diameter  d ,  its  length  l  and  part  of  the  wire 
irradiated  by  the  beam  o  satisfy  the  condition 

d  «  «  l .  Beam  propagates  along  the  z  axis, 

the  wire  scans  the  beam  in  transverse  x  direction. 

Equilibrium  temperature  of  an  immobile 
wire  in  vacuum  under  beam  is  defined  by  the 


balance  between  the  power  AE/At  brought  to  it  by 
the  beam  and  two  factors  of  heat  removal:  thermal 
radiation  through  the  surface  W,  and 
thermoconductivity  of  the  wire  material  through  its 
ends  W2 . 


The  power  released  on  the  wire  can  be 
estimated  by  formula: 


A E 
At 


=  k\ 


% dj(P(x)ayd ) 


(1) 


where  dEjdz  is  the  ionisation  loss  of  beam  particles 


in  wire  material,  p(x)  is  local  flux  density  of  beam 
particles,  k  is  the  coefficient  characterising  the  part 
of  scattered  beam  energy  working  on  wire  heating. 
In  works  [3,  4]  k  is  set  equal  to  1/3. 

The  thermal  radiation  W,  is  determined  by 


the  formula: 

Wj=Ssideo(T4 -T04),  (2) 

where  Sside  is  the  side  surface  of  the  wire,  a  is  the 
constant  of  Stefan-Boltzmann,  T  is  the  absolute 
temperature  of  the  wire. 

Heat  loss  through  the  wire  ends 
approximately  is  equal 

W2  =  2SK(T  -T0)  / 1,  (3) 

where  S  is  the  wire  cross  section,  K  is  the  thermal 
conductivity  of  wire  material. 

Fig.  1  shows  calculated  curves  Wj ,  W2  and 


Wj  +W2  (oy  =1  mm). 


Fig.  1.  Energy  losses  for  tungsten  wire,  d]=30  pm, 
d2=10  pm,  1=40  mm,  <JX=3  mm,  az=l  mm. 
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The  equilibrium  temperature  of  the  wire  is 
determined  from  the  equation  of  balance: 

Wj  +  W2  ~  AE/At .  (4) 

Solution  of  this  equation  with  respect  to  T 
at  different  distances  of  the  wire  from  the  beam 
centre  are  presented  in  Fig.  2. 
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Fig.  2.  Wire  equilibrium  temperature,  d=30  pm  (1), 
d=10  pm  (2). 

Time  of  thermalisation  t  =  Estore/W  also  is 
an  important  parameter  for  the  scanning,  where 
Estore  is  the  thermal  energy  stored  in  the  wire. 
Calculations  show  that  the  thermalisation  time  is 
minimal  in  the  beam  centre  and  is  2  and  3  seconds 
respectively  for  tungsten  wires  of  diameters  10  pm 
and  30  pm.  In  the  beam  periphery  this  time  is 
approximately  doubled. 

Note  when  scanning  consecutively  the  total 
time  of  scanning  is  much  more  less  than  the  sum  of 
thermalisation  times  of  individual  points,  because  of 
the  wire  temperature  changes  insignificantly  at 
passing  from  one  point  to  another. 

3  MODEL  EXPERIMENT 


V 
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Influence  of  the  wire  temperature  on  its 
natural  oscillations  frequency  is  determined  by  its 
elongation: 

Af/f  =  -(l/2)Al/l  =  abAT,  (6) 


where  AT  is  the  temperature  variation.  Coefficient 
ab  for  metals  varies  from  few  units  of  10'6  K  up  to 
10'5  K"'(steels,  bronzes,  brasses,  aluminium  alloys). 

However,  for  the  rigidly  fixed  wire  more 
essential  is  the  influence  of  temperature  changes  on 
wire  tension  arising  from  inequality  of  coefficients  of 
thermal  expansion  of  wire  as  and  the  base  ab  : 


A/ 

/ 


1  A  F 

2  F 


ES_ 

F 


(ah-as)AT, 


(7) 


where  E  is  the  Young's  modulus,  F  is  the  wire 
tension.  In  formula  (7)  a  large  dimensionless  factor 
ES/F  is  separated  out.  Thus,  for  the  wire  with 


rigidly  fixed  ends  the  dominating  factor  is  the 
influence  of  the  temperature  on  wire  tension. 


L  mA 

Fig.  3.  Frequency  dependence  on  current. 

Heating  of  the  scanning  wire  was  modelled 
by  passing  of  direct  currents  through  the  wire.  Wire 
natural  oscillations  were  generated  in  two  modes: 
with  one  free  end  and  with  fixed  ends  of  the  wire. 

Results  of  two  series  of  measurements  for 
tungsten  wire  of  diameter  70  pm  are  presented  in 
Fig.  3.  The  first  series  (squares)  was  carried  out  for 
currents  from  75  mA  up  to  250  mA  (glow  appeared 
at  235  mA)  and  from  215  mA  up  to  345  mA.  In  first 
series  the  current  was  changed  stepwise.  In  second 
case  between  two  consequent  values  the  current  was 
nullified.  In  second  series  the  frequency  had  restored 
well  at  each  switching  on  for  currents  up  to  345  mA. 
Yellow  glow  ( T  =1000  K)  appears  for  currents  more 
than  300  mA. 


Fig.  4.  Transient  characteristics  of  wire  with  a  free 
end,  7=2 15mA. 

Fig.  4  shows  the  transient  characteristics  at 
switching  on/off  for  the  current  215  mA.  One  can 
see  that  the  frequency  exceeds  its  steady-state  value 
during  a  few  seconds.  One  can  take  this  value  for 
estimate  of  the  thermalisation  time  x  .  Cooling  down 
processes  are  depicted  without  destruction,  because 
after  switching  on  it  takes  some  time  for  current  to 
reach  its  steady-state. 
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Fig.  5.  Transient  characteristics  of  wire  with  rigidly 
fixed  ends,  7=2 15mA. 


Similar  experiments  were  done  for  wires 
with  rigidly  fixed  ends.  As  it  was  mentioned  above, 
the  frequency  changes  interval  was  much  more 
wider.  Fig.  5  shows  the  transient  characteristics  at 
switching  on/off  of  the  current  215  mA. 

Restoration  of  the  frequency  in  both  cases 
were  good  enough,  i.e.  heating  of  the  wire  up  to 
1000  K  does  not  lead  to  irreversible  changes  of  wire 
parameters. 


4  MAGNETIC  FIELD 

There  are  two  possibilities  in  scheme  of 
vibrating  wire  scanner:  to  use  a  scheme  with  own 
magnet  or  use  the  accelerator  magnetic  fields  (dipole 
magnets,  quadrupole  lenses).  In  developed  by  the 
authors  pickups  natural  oscillations  of  the  wire  were 
excited  in  autogeneration  scheme.  Exciting  action  on 
the  wire  arises  as  a  result  of  interaction  between  the 
current  through  the  wire  and  magnetic  field  of  the 
samarium  cobalt  magnet,  the  field  being  localised  in 
an  magnet  operating  gap  of  the  length  10  mm.  The 
characteristic  field  induction  inside  the  gap  was 
about  8  kGs. 

To  keep  the  transverse  effective  square  of 
the  wire  with  respect  to  on-going  bunch,  separation 
of  oscillations  along  the  bunch  axis  is  desirable. 

Fields  of  dipole  magnets  are  strong  enough, 
however,  they  fix  the  horizontal  movement  of  the 
wire.  It  is  also  possible  to  use  the  fields  of 
quadrupole  lenses.  Scanning  can  be  done  in  vertical, 
horizontal  or  under  the  angle  45°  directions. 

Usage  of  vibrating  wire  scanners  with  own 
magnets  located  in  accelerators  free  spaces  is  also 
possible.  In  so  doing  it  is  preferable  to  intersect  the 
bunch  at  1/4  of  wire  length,  the  magnetic  circuit 
being  located  symmetrically  with  respect  to  wire 
centre,  in  such  way  providing  generation  of  the 
second  harmonic.  In  this  case  the  magnetic  field 
outside  the  gap  is  to  be  carefully  screened. 


5  THERMALISATION  TIMES 

Stability  with  respect  to  wire  heating  is  one 
of  the  main  problems  in  developed  wire  scanner 
technologies.  To  solve  this  problem,  the  scanning 
was  done  at  a  high  speed,  up  to  =10  m/sec.  [3,  4], 
i.e.  the  wire  passes  across  the  mm  size  bunch  during 
10'4  seconds.  Such  times  are  too  small  for 
thermalisation  of  the  wire.  Note,  the  estimate  of  x 
can  be  lowered,  because  in  real  movement  from  one 
point  to  another  will  result  in  less  temperature 
jumps.  However,  one  cannot  expect  thermalisation 
times  less  than  10'2  s  at  temperatures,  where  long 
time  exploitation  of  wire  is  possible. 

It  is  possible  that  problem  of  thermalisation 
time  can  be  solved  by  improvement  of  wire  fixing 
system,  which  now  is  essentially  simplified  in 
comparison  with  similar  wire  scanning  systems. 

6  CONCLUSION 

Indubitable  advantage  of  proposed  method  is 
the  compactness  of  the  whole  system  and  the 
elimination  of  the  unit  of  radiation  receivers.  The 
peripheral  monitoring  of  the  bunch  by  proposed 
method  also  can  be  interesting. 

Authors  would  like  to  thank  R.Reetz  and 
A.Ts.Amatuni  for  helping  support. 
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FOR  THE  KERB  BEAM  TRANSPORT  LINE 
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and  Takashi  Kawamoto,  KEK,  1-1  Oho,  Tsukuba-shi,  Ibaraki-ken  305-0810,  Japan 


Abstract 

In  the  beam  transport  lines  from  the  injector  linac  to  KEKB 
rings,  four  wire  scanners  were  installed  for  each  of  positron 
and  electron  line.  The  vibrations  and  no-linearities  of 
the  wire  holders  were  suppressed  to  be  small  enough  for 
beam  size  measurements.  Optics  matchings  were  made  us¬ 
ing  the  wire  scanners.  Better  transmission  from  the  linac 
to  the  rings  was  obtained.  By  detecting  shower  due  to 
Bremsstrahlung  near  the  detector,  the  beam  sizes  were  suc¬ 
cessfully  measured  without  any  beam  tunings  dedicated  for 
background. 

1  INTRODUCTION 

In  the  KEKB  the  electrons(positrons)  accelerated  in  the 
linac  up  to  8GeV(3.5GeV)  are  transported  to  the  main  rings 
through  beam  transport(BT)  lines  whose  length  are  about 
500m.  At  the  BT,  electron  and  positron  lines  have  a  double¬ 
decked  structure  in  the  first  part  of  tunnel  of  350m  long  and 
fed  into  separated  tunnel  in  the  rest  part.  In  order  to  main¬ 
tain  high  luminosity,  a  well-controlled  operation  transport 
line  is  required  for  minimizing  tuning  time  and  a  stable  op¬ 
eration.  A  wire  scanner(WS)  for  monitoring  beam  profiles 
non-destructively  is  useful  for  these  purposes.  Beam  tests 
of  a  prototype  for  WS  have  been  done  at  KEKB  injection 
linac  so  far[l][2].  We  produced  improved  wire  scanners 
as  an  actual  model;  more  compact,  less  expensive  but  with 
smaller  wire  vibrations.  Especially  we  took  care  of  the  wire 
positioning  which  leads  directly  the  systematic  error.  In  or¬ 
der  to  study  this  effect  two  prototypes  with  cantilever  sup¬ 
ports  had  been  produced.  One  had  linear  guides  in  vacuum 
which  can  suppress  wire  vibrations  most  effectively  since 
the  cantilever  was  very  short.  Another  had  linear  guide 
outside  the  vacuum  chamber.  We  measured  the  wire  po¬ 
sitioning  for  both  of  them[3].  As  a  result,  both  types  were 
feasible  but  we  adopted  the  type  with  one  linear  guide  for 
its  easier  handling  in  maintenance  and  lower  cost.  We  in¬ 
stalled  ten  wire  scanners  in  total  to  the  BT  lines,  for  all  of 
which  wire  positionings  had  been  measured  before  instal¬ 
lation. 

In  the  entrance  of  BT  lines,  at  least  three  WS’s  are 
needed  to  determine  beam  emittance  and  Twiss  parameters 
in  the  optics  matching.  For  redundancy,  we  adopted  four 
wire  scanners  are  mounted  in  each  line.  By  using  a  photo¬ 
multiplier  tube(PMT)  with  plastic  scintillator,  we  detected 
shower  occurred  near  the  PMT  due  to  Bremssstrahlung 
emitted  from  the  wire  crossing  a  beam.  The  PMT’s  were 
set  at  a  wide  angle(65°)  to  the  beam  lines.  By  this  setting 
beam  background  from  the  upstream  was  effectively  shut 
off  and  high  S/N  ratio  was  obtained  without  any  dedicated 


beam  tunings.  In  this  paper,  the  first  results  of  beam-size 
measurement  and  optics  matching  in  the  positron  BT  line 
are  presented. 

2  PRODUCTION  OF  WIRE  SCANNERS 

2.1  A  structure  of  the  wire  scanner 

The  schematic  view  of  the  wire  scanner  is  shown  in  Fig.  1. 
A  thin  thread  of  tungsten  of  100/xm  in  diameter  is  stretched 
between  three  pins  on  the  wire  holder  so  as  to  form  three(X- 
,U-  and  Y-)  wires  perpendicular  to  the  beam.  The  holder  is 
attached  on  one  side  of  long  shaft,  while  another  side  of 
which  is  fixed,  in  a  cantilever  style,  to  a  stainless  block 
mounted  on  the  Linear  Guide.  The  block  is  moved  with 
a  pulse-motor  through  a  screw  shaft.  The  Linear  Guide 
rails  are  tightly  bolted  on  the  thick  base  plate,  which  also 
support  the  total  weight  of  the  mover.  The  holder  and  its 
support  shaft  is  in  vacuum.  The  conversion  ratio  of  rota¬ 
tion  with  pulse  motor  to  linear  motion  is  4/xm/pulse.  The 
linear  motion  is  monitored  through  a  potentiometer  with 
a  resolution  of  50/itn.  The  vacuum  chamber  has  a  win¬ 
dow  of  stainless  steel  of  50^m  in  thickness  which  allows 
low-energy  knock-on  electrons(5-ray)  to  pass  the  window. 
We  detected  the  5 -ray  at  the  window  and  also  high  energy 
7-rays  at  the  downstream  using  a  PMT(Hamamatsu/R329- 
02)  with  a  40  x  50  x  10mm3  plastic  scintillator. 


IN 


Figure  1 :  Schematic  view  of  the  wire  scanner. 


2.2  Measurement  system  of  displacements  of 
wire  holder 

Since  we  adopted  a  cantilever  to  support  the  wire  holder, 
a  vibration  in  the  direction  perpendicular  to  linear  motion 
and  to  the  beam  was  a  serious  concern.  We  have  mea¬ 
sured  a  static  displacement  (no-linearity)  and  also  a  vi- 
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bration  during  linear  motion.  The  layout  of  measuring 
system  is  shown  in  Fig.  2.  A  laser  displacement-meter, 
KEYENCE/LC2430,  was  placed  at  the  side  of  the  wire 
holder.  The  LC2430  measures  the  distance  from  the  surface 
reflecting  the  emitted  laser  light,  using  a  built-in  position- 
sensitive  detector(PSD).  The  resolution  is  0.02/im.  As  a 
reflector,  we  attached  a  block  gauge  with  flatness  of  less 
than  0.1  ^m  and  with  area  of  30  x  10mm2  on  the  one  side 
of  the  holder.  We  measured  the  displacements  for  all  of  ten 
WS’s  to  be  installed  within  the  area  of  the  block  gauge.  The 
linear  motion  was  monitored  with  a  magnescale.  The  mea¬ 
surement  was  done  without  a  vacuum  vessel.  The  pulse  rate 
of  the  pulse  motor  was  1kHz.  The  results  were:  maximum 
amplitude  of  non-linear  displacement  was  ±8/zm  in  peak- 
to-peak,  maximum  amplitude  of  vibration  was  ±10pm  in 
peak-to-peak.  These  are  sufficiently  small  for  the  present 
beam  size. 

Laser  Displacement  Meter 


Figure  2:  Schematic  view  of  vibration  measurement  sys¬ 
tem. 


3  OPTICS  MATCHING 

3. 1  Arrangement  of  the  wire  scanners 

The  four  wire  scanners  were  placed  at  the  downstream  of 
quadrupole  magnets  for  each  of  the  positron  and  electron 
line.  The  arrangement  of  WS’s  in  the  positron  line  is  shown 
in  Fig  3.  Two  detectors(PMT’s  with  plastic  scintillators) 
were  set  for  the  four  wire  scanners:  One  PMT  located  near 
the  C-wire  detects  high  energy  particles  emitted  from  wires 
of  ”A”  and  ”B”,  while  another  PMT  near  the  D-wire  de¬ 
tects  particles  emitted  from  wires  of  ”C”  and  ”D”.  For 
electron  line,  all  detectors  sit  on  in  the  same  manner  as 
”D”  detector.  The  PMT  was  placed  just  downstream  of  the 
window  with  65°  in  angle  to  the  beam  line.  The  detectors 
were  surrounded  by  lead  shield  of  66mm  in  thickness  in 
all  direction,  while  to  the  upstream  side  the  thickness  was 
166mm.  The  signal  from  PMT  was  put  into  the  CAM  AC 
ADC/2249W,  LeCroy.  The  data  were  taken  by  a  VME  sys¬ 
tem  via  CAMAC  serial  highway. 


ADC-A  ADC-B 


ADC-D 


12.37  m  1  12.37  m  1  12.37  m  ' 

A-Wire  B-Wire  C-Wire  D-Wire 


Figure  3:  The  arrangement  of  WS’s  in  the  positron  line 

3.2  Beam  optics  in  the  wire  scanners 

The  four  wire  scanners  were  placed  at  a  regular  section  of 
long  straight,  where  the  phase  advance  is  7t/2  for  both  of 
the  horizontal  and  vertical  planes.  At  the  region,  there  is 
no  dispersion  in  the  design.  A-  and  C-(B-  and  D-)  wire 
scanners  were  placed  at  the  downstream  of  the  defocus- 
ing(focusing)  quadrupole  magnets.  A  matching  of  Twiss 
parameters  to  the  linac  was  done  by  using  all  quadrupole 
magnets  upstream  the  wire  scanners,  under  the  condition 
that  the  dispersion  is  to  be  closed  and  beta  functions  at 
some  points  not  exceed  some  maximum  values. 

3.3  Measurement  of  beam  sizes 

The  typical  results  of  beam-size  measurements  are  shown 
in  Fig.  4  and  5  for  electron(C-wire)  and  positron(A-wire) 
line, respectively.  The  horizontal  axis  is  a  position  of  wire 
holder  along  the  scanning  direction  and  the  vertical  axis  is 
ADC  count  of  the  signal.  We  can  clearly  see  three  peaks 
corresponding  to  the  Y,  U  and  X  wires  crossing  the  beam. 
Each  peak  was  fitted  to  an  asymmetric  Gaussian  shape.  The 
beam  sizes  of  Y  and  X  were  obtained  from  peak  with  di¬ 
vided  by  V2.  The  typical  S/N  ratio  was  about  45  and  7.5 
for  electron  and  positron.  For  A,  B,  C  wire  scanners,  we 
observed  high  S/N  ratios  almost  independent  on  the  beam 
condition.  This  is  because  the  background  from  beam  halo 
was  almost  completely  shielded  with  the  lead  blocks  of 
166mm(  30  radiation  length  ).  On  the  other  hand,  the  sig¬ 
nal  from  electromagnetic  shower  occurred  at  the  beam  pipe 
near  the  detector,  which  was  generated  by  Bremsstrahlung 
7-rays  from  the  upstream  wire.  Although  the  detector  sits 
at  the  wide  angle(65°),  huge  amount  of  Bremsstrahlung  7- 
rays  emitted  in  extremely  small  angle  gives  high  S/N  ratio. 
For  D-wire  scanner  as  shown  in  Fig  6,  however,  the  PMT 
detects  the  small  5-ray  as  the  signal,  while  the  background 
comes  from  the  shower  produced  in  front  of  the  detector 
by  beam  halo.  We  needed  some  dedicated  beam  tunings  in 
order  to  decrease  the  background. 

3.4  Matching 

We  have  made  optics  matching  at  the  positron  line.  The 
beam  sizes  at  the  four  wire  scanners  were  used  to  ob- 
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Wire  Position  (mra] 


Figure  4:  Typical  transverse  beam  distributions(C-wire)  in 
electron  line.  The  left,  middle  and  right  peaks  correspond 
to  Y-,  U-  and  X-wires,  respectively. 


Figure  5:  Typical  transverse  beam  distributions(A-wire)  in 
positron  line. 

tain  Twiss  parameters  at  the  A-wire.  In  the  phase  space, 
we  can  draw  two  ellipses,  one  from  measured  parame¬ 
ters^  1)  and  another  from  design  ones(S2).  An  additional 
ellipse(S3)  can  be  drawn  that  it  circumscribes  the  ellipse 
SI  and  is  similar  to  S2.  Here  Bmag  means  a  ratio  of  an 
area  of  ellipse(S3)  to  that  of  ellipse(S2).  It  is  given  by[4]; 
Bmag  =  [fa/ Pi+ Pi/ fo+Pifoiai/ Pi-0‘2/ P2)2}/2-  The 
subscripts  1  and  2  mean  measured  and  design  values,  re¬ 
spectively.  When  measured  twiss  parameters  are  the  same 
as  design  ones,  Bmag  becomes  unit.  The  obtained  emit- 
tances  and  Bmag’s  are  summarized  in  Table  1 .  Although  in 
the  horizontal  direction  Bmag  was  not  changed  so  much,  in 
the  vertical  direction,  it  became  smaller  and  the  products  of 
emittance  and  Bmag  decreased  after  matching.  This  means 
that  the  transmission  of  the  transport  line  becomes  better. 

4  CONCLUSION 

We  developed  wire  scanners  for  the  BT  line  from  the  in¬ 
jector  linac  to  KEKB  rings.  Since  a  cantilever  support 
for  a  wire  holder  was  adopted  for  easier  maintenance  and 
lower  cost,  we  carefully  designed  them  to  suppress  vibra¬ 
tion  and  non-linear  motion  of  the  wire.  Bench  measure¬ 
ments  showed  that  they  were  negligibly  small  for  beam  size 
measurements. 

By  using  the  wire  scanners,  the  first  trial  for  optics 
matching  in  the  positron  line  has  been  successfully  done. 


Figure  6:  Transverse  beam  distributions  of  D-wire  in 
positron  line. 


Table  1 :  The  obtained  emittances  and  Bmag’s  of  positron 
line  before  and  after  matching. 


Before  matching 

After  matching 

ex  [m] 

Bmagx 

ex-Bmagx  [m] 

1.09  x  HT6 
1.16 

1.26  x  10~6 

7.30  x  10“' 
1.62 

1.18  x  10~6 

£y  [m] 

Bmagy 

cy-Bmagy  [m] 

2.58  x  10-  ' 
6.54 

1.69  x  10~6 

2.33  x  10~Y 
2.04 

4.75  x  10~7 

Better  transmission  was  obtained  in  the  line.  Emittances  as 
well  as  Twiss  parameters  obtained  in  the  optics  matching 
process  gave  useful  information  for  a  tuning  of  the  injector 
linac. 
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Abstract 

We  present  results  of  measurements  of  spot  size  and  angu¬ 
lar  divergence  of  a  30  GeV  electron  beam  though  use  of 
optical  transition  radiation  (OTR).  The  OTR  near  field  pat¬ 
tern  and  far  field  distribution  are  measured  as  a  function 
of  beam  spot  size  and  divergence  at  wavelengths  of  441, 
532,  and  800  nm,  for  both  the  single  and  double  foil  con¬ 
figurations.  Electron  beam  spot  sizes  of  50fim  rms  have 
been  resolved,  demonstrating  the  utility  of  OTR  for  mea¬ 
surement  of  small  beam  spot  sizes  of  high  energy  (30  GeV) 
electron  beams.  Two-foil  interference  was  clearly  observed 
and  utilized  to  extract  electron  beam  angular  divergences  of 

100/rrad. 

1  INTRODUCTION 

The  theory  of  transition  radiation  was  first  introduced  by 
Frank  and  Ginzburg  in  the  first  half  of  the  century  [1]  and 
was  further  developed  in  the  late  1950’s  by  Garibyan  [2] 
and  others.  Transition  radiation  has  been  widely  used  in 
high  energy  physics  for  particle  identification,  as  well  as  for 
diagnosis  in  accelerator  research.  A  comprehensive  body 
of  experimental  work  in  the  area  of  accelerator  beam  diag¬ 
nosis  currently  covers  a  large  range  of  beam  energies,  from 
10’s  to  100’s  of  MeV  for  visible  transition  radiation  [3,  4], 
while  most  work  at  multi-GeV  energies  shifts  to  the  X-ray 
portion  of  the  spectrum  [5].  Only  recently,  work  has  been 
performed  in  the  visible  wavelengths  at  energies  up  to  3.2 
GeV  and  detailed  discussions  of  the  spatial  resolution  of 
OTR  have  been  presented  (see  for  example  [6]-[9]). 

In  this  paper,  results  are  presented  of  the  diagnostic  im¬ 
plementation  of  optical  transition  radiation  for  a  30  GeV 
electron  beam.  Spot  sizes  as  low  as  50  (j,m  rms  have  been 
resolved  using  radiation  at  532  nm  and  beam  divergences 
on  the  order  of  ~  100/zrad  have  been  obtained  using  the 
double  foil  configuration.  Spot  size  resolution  is  consis¬ 
tent  with  what  is  expected  from  the  collection  angle  of  the 
optical  imaging  system. 

2  CONCEPT 


which  makes  it  difficult  to  measure  spots  of  high  7  beams 
with  sufficient  spatial  resolution.  In  contrast,  while  the 
angular  distribution  of  OTR  photons  does  peak  at  the  an¬ 
gle  I/7,  the  intensity  falloff  outside  the  1/7  cone  is  much 
slower  than,  for  example,  that  of  synchrotron  radiation. 
The  fraction  of  energy  inside  the  1  /7  cone  drops  with  in¬ 
creasing  energy,  giving  OTR  utility  for  beam  diagnosis  at 
ultra-relativistic  energies.  The  OTR  angular  distribution 
from  a  single  electron  for  a  metal  foil  is 


d2wm  &  „  1  1 

dwdfl  ~  (7-2 +  02)2  ~  02’  7 


(1) 


which  is  valid  for  both  backward  and  forward  OTR  if  the 
photon  energy  is  smaller  than  ~  10  eV,  the  typical  energy 
corresponding  to  the  plasma  frequency  of  metallic  foils. 

While  beam  divergence  can  in  principle  be  obtained 
from  the  far  field  pattern  of  a  single  foil,  the  two  foil 
interferometer,  as  developed  by  L.  Wartski  [3],  is  of¬ 
ten  preferred  as  it  provides  increased  sensitivity  to  beam 
divergence[4].  Furthermore,  the  two-foil  interferome¬ 
ter  provides  control  over  the  angular  resolution,  unlike 
the  single  foil  configuration,  for  which  the  resolution  is 
fixed  at  each  beam  energy.  In  the  two-foil  interferom¬ 
eter,  forward  radiation  from  an  upstream  foil  combines 
with  backward  radiation  from  a  second  foil  located  a  dis¬ 
tance  L  downstream,  yielding  an  addition  of  phases  of 
1  —  exp  [— j 7r(7~2  +  02)L/X],  The  interference  term  de¬ 
pends  on  the  formation  length,  Lf  =  (A/7t)(7-2  +  @2)~l 
(written  for  vacuum,  7  »  1  and  9  <C  1)  [2, 3].  The  angular 
intensity  distribution  [3]  for  the  two  foil  interferometer  for 
large  angles  (6  ~3>  1/7)  becomes 


where  Lf  ~  \/{t:92).  After  convolution  of  the  two-foil 
interference  pattern  for  a  single  electron  with  a  Gaussian 
electron  beam  distribution  of  angular  width  ag,  the  angular 
intensity  distribution  can  be  written, 


Diagnostic  spatial  resolution,  d,  is  determined  by  diffrac-  d2W2(9,  ag)  d2W\{9) 

tion:  d  ~  X/6,  where  A  is  the  radiation  wavelength  and  6  duidfl  =  ^  dudCl 

is  the  collection  angle.  Typically,  radiation  from  highly  rel¬ 
ativistic  electrons  is  concentrated  in  a  cone  of  width  1/7,  where 


(3) 
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Figure  1 :  Experimental  setup. 


3  EXPERIMENTAL  SETUP 

The  experiments  were  performed  in  the  FFTB  beamline  at 
SLAC.  The  experimental  setup  is  shown  in  Fig.  1.  An  alu¬ 
minum  coated  fused  silica  substrate  (150/^m  thick)  was  lo¬ 
cated  0.56  m  downstream  from  a  retractable,  25  fxm  thick 
Beryllium  foil.  The  backward  reflected  OTR  was  split  by  a 
pellicle  beamsplitter  between  two  cooled  CCD  cameras,  16 
bit  and  12  bit,  providing  simultaneous  images  of  the  near 
and  far  field,  respectively.  The  near  field  resolution  was  de¬ 
termined  using  a  resolution  target  and  was  10  /im  or  better. 
This  is  consistent  with  the  collection  angle  of  0.1  rad.  The 
available  field  of  view  was  approximately  3  mm.  Far  field 
resolution  was  set  at  6/7  radians  per  pixel.  For  this  experi¬ 
mental  run,  the  beam  energy  was  28.5  GeV,  and  single  mi¬ 
crobunches  with  about  1.5xl010  particles  with  normalized 
vertical  and  horizontal  emittances  of  0.47xl0-5  m-rad  and 
6.5xl0~5  m-rad  were  used. 
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4  RESULTS 

4.1  Spot  size  measurement 

Results  from  near  field  imaging  of  the  OTR  from  a  single 
foil  (fused  silica  inserted,  Be  removed  from  the  beam  path) 
are  shown  in  Fig.  2.  Quad  scans  were  performed  in  the  ver¬ 
tical  and  horizontal  axes,  and  OTR  images  were  recorded 
as  the  scans  passed  through  and  beyond  a  waist  at  the  foil 
location.  The  series  of  five  images  shown  in  Fig.  2  are  near 
field  images  recorded  by  the  cooled  CCD  during  the  hor¬ 
izontal  and  vertical  quad  scans.  The  accompanying  plots 
contain  the  complete  set  of  extracted  rms  beam  sizes  as  a 
function  of  quadrupole  strength.  Beam  spot  sizes  of  50/im 
were  resolved  in  both  axes  in  a  single  shot  measurement. 

Beam  spot  size  resolution  and  photon  yield  were  com¬ 
pared  with  and  without  the  addition  of  the  second  foil  (Be 
at  0.56  m  upstream).  No  difference  was  observed  in  either 
the  measured  spot  size  or  the  number  of  collected  photons. 
This  observation  is  consistent  with  the  depth  of  focus  of 
the  near  field  imaging  of  our  setup,  which  was  small  com¬ 
pared  with  the  foil  separation;  only  the  photons  from  one 
foil  were  well  imaged  onto  the  CCD  chip. 


Figure  2:  Spot  size  measured  with  OTR  and  near  field  im¬ 
ages  for  vertical  and  horizontal  quadrupole  scans. 

4.2  Angular  divergence  measurement:  two-foil 
interferometry 

Interference  patterns  were  recorded  from  the  two-foil  in¬ 
terferometer  at  a  variety  of  wavelengths:  441,  532,  632, 
800,  and  1064  nm.  The  appearance  of  the  intensity  max¬ 
ima  is  well  described  by  Eq.  (2)  both  as  a  function  of  angle 
and  as  a  function  of  wavelength.  In  Fig.  3,  two-foil  inter¬ 
ference  patterns  centered  at  441  and  800  nm  display  the 
expected  increase  in  peak  separation  with  wavelength.  At 
28.5  GeV,  A  =  532  nm,  and  foil  separation  L  ~  0.6  m, 
the  first  interference  maximum  is  expected  and  observed 
at  angle  of  50/7.  Note  that  if  one  wishes  to  set  the  first 
interference  maximum  near  1  /y,  then  the  required  foil  sep¬ 
aration  length,  A72/27r,  is  on  the  order  of  a  km,  which  is 
comparable  to  the  total  length  of  the  SLAC  linac. 

Foil  separation  L  is  chosen  only  according  to  the  range 
of  divergence  one  wishes  to  diagnose.  From  Eqs.  (3)-(4), 
one  can  see  that  the  angular  resolution  (minimum  resolv- 
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800  nm  441  nm 


Figure  3:  Comparison  of  two-foil  interference  at  441  and 
800  nm  shows  expected  wavelength  dependence. 


were  extracted  from  the  data  using  Eq.  3  and  4. 

The  descibed  techniques  were  developed  in  support  of 
the  El 57  experiment  [10]  at  the  FFTB  at  SLAC,  which 
will  study  the  interaction  of  the  30  GeV  beam  with  a  long 
plasma  column.  In  effect,  the  OTR  foils  have  been  de¬ 
signed  into  the  setup  in  such  a  way  that  they  serve  a  dou¬ 
ble  purpose.  One  of  the  foils  will  separate  a  plasma  vol¬ 
ume  from  an  ultra-high  vacuum  section  of  beampipe;  the 
other  doubles  as  an  Excimer  incoupler.  Viewing  OTR  in 
this  compact  fashion  will  provide  non-destructive  diagnos¬ 
tic  information  for  the  El  57  experiment  as  close  as  possi¬ 
ble  to  the  interaction  region.  OTR  will  be  collected  both  at 
the  oven  entrance  and  exit  to  determine  beam  parameters 
directly  at  the  experiment  entrance  as  well  as  after  interac¬ 
tion  with  the  plasma.  Because  this  interaction  is  expected 
to  produce  large  changes  in  the  beam  spot  size  and  diver¬ 
gence  which  are  time  varying,  streaking  the  OTR  at  the 
oven  exit  is  planned. 


observation  angle  (units  of  1/  Y) 


observation  angle  (units  of  1/  y) 


Figure  4:  Two  foil  interference  during  a  quadrupole  scan 
evolves  from  no  modulation  to  full  modulation,  indicating 
that  realistic  beam  parameters  can  be  diagnosed. 


able  divergence)  is  ares  =  d/L.  For  the  far  field  imaging, 
the  effective  collection  angle  was  considerably  smaller  than 
for  the  near  field  imaging,  and  was  approximately  3  mrad, 
corresponding  to  d  =  30  /um.  Chosing  a  foil  separation  L 
of  0.6  m  gives  an  angular  resolution  of  50  fi  rad.  Note  also 
that  from  the  practical  point  of  view,  the  spatial  and  angular 
resolution  become  independent  of  the  beam  energy. 

Sensitivity  of  the  far  field  pattern  to  changes  in  beam  di¬ 
vergence  was  studied  by  performing  a  quadrupole  scan  to 
vary  the  divergence.  The  resulting  profiles  (Fig.  4)  shifted 
from  nearly  full  modulation  to  no  modulation  as  the  diver¬ 
gence  was  increased.  Futhermore,  in  Fig.  4(a),  an  absence 
of  modulation  in  the  horizontal  axis  was  observed  while 
clear  modulation  was  present  in  the  vertical  axis.  This  is 
consistent  with  known  difference  in  vertical  and  horizon¬ 
tal  emittance  at  the  FFTB.  Divergences  of  <jg  ~  100  /trad 


5  CONCLUSIONS 

Measurements  of  transition  radiation  in  the  visible  wave¬ 
lengths  have  been  performed  at  nominally  30  GeV  at  the 
FFTB  beamline  at  SLAC.  Spot  sizes  on  the  order  of  50/im 
have  been  measured  with  OTR  at  this  energy  and  wave¬ 
length.  Beam  divergences  of  approximately  100  /.trad  have 
been  calibrated  with  a  two-foil  interferometer. 
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Abstract 

Four  ionization  beam  profile  monitors  (IPM’s)  have  been 
installed  in  RHIC  to  measure  vertical  and  horizontal 
profiles  in  the  two  rings.  Each  IPM  collects  and  measures 
the  distribution  of  electrons  in  the  beamline  resulting 
from  residual  gas  ionization  during  bunch  passage.  The 
electrons  are  swept  transversely  from  the  beamline  and 
collected  on  strip  anodes  oriented  parallel  to  the  beam 
axis.  At  each  bunch  passage  the  charge  pulses  are 
amplified,  integrated,  and  digitized.  The  system  is 
designed  to  measure  single-bunch  profiles  with  up  to  120 
bunches  in  each  ring. 

1.  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at 
Brookhaven  National  Lab  will  accelerate  and  store  beams 
of  ions  ranging  from  protons  to  gold  nuclei  [1]. 
Transverse  beam  profiles  will  be  obtained  by  measuring 
the  distribution  of  free  electrons  formed  by  beam 
ionization  of  the  residual  gas  [2,3].  The  electrons  are 
swept  from  the  beamline  by  a  transverse  electric  field, 
amplified  by  a  microchannel  plate  (MCP),  and  collected 
on  a  circuit  board  with  strip  anodes  oriented  parallel  to  the 
beam  axis.  A  uniform  magnetic  field,  parallel  to  the 
sweep  electric  field,  counters  the  defocusing  effects  of 
space  charge  and  recoil  momentum. 

The  RHIC  IPM  detector  is  a  close  copy  of  the 
prototype,  ref.  2,  which  was  tested  in  the  AGS-RHIC 
transfer  line  in  1997.  However  the  prototype  measured 
bunches  separated  by  several  seconds  so  it  was  adequate  to 
use  slow  charge-sensitive  amplifiers  Cc~4|0.s),  track-and- 
hold  amplifiers,  and  slow  digitizers.  The  RHIC  monitors 
are  intended  to  digitize  individual  bunches  spaced  107ns 
apart.  This  requires  faster  preamplifiers  and  digitizers. 
Also  much  of  the  ground  plane  on  the  collector  board  is 
removed  to  lower  capacitance.  Finally  a  test  pulse  input 
was  added  to  the  detector  to  make  it  possible  to  determine 
gain  and  offset  corrections  for  all  64  channels  in  a  single 
measurement. 

This  paper  describes  the  detector,  digitizers  and  data- 
collection  systems.  The  kinematics  of  electron 
confinement  by  the  magnet  field  is  discussed  in  ref.  2. 


2.  DESIGN  CONSIDERATIONS 

RHIC  will  accelerate  and  store  many  different  beams  and 
the  IPM’s  are  located  50m  from  an  interaction  point  where 
the  lattice  optics  varies  with  the  requirements  of  the 
experiment.  Depending  on  energy,  ion  species  and  i.p. 
optics  the  rms  width  of  the  beam  can  vary  from  0.7mm  to 
6.5mm.  The  channel  spacing  has  to  be  small  enough  that 
a  reasonable  measurement  can  be  made  on  the  most 
narrow  beam  but  the  collector  has  to  be  wide  enough  to 
see  the  largest  beam  with  some  allowance  for  missteering 
and  betatron  oscillations. 

The  compromise  chosen  was  to  build  a  collector  with 
64  channels  spaced  0.6  mm  apart.  Only  6a  of  the  widest 
beam  fits  on  the  collector  and  6a  of  the  narrowest  beam 
fits  on  only  7  channels.  However  the  measurement  of  a 
Gaussian  beam  of  a  =0.7mm  with  a  collector  0.6mm 
wide  yields  a  rms  width  less  than  4%  larger  than  the  true 
width. 

RHIC  has  superconducting  magnets  so  the  residual 
gases  are  helium  and  hydrogen.  The  measured  primary 
ionization  rate  for  minimally  ionizing  protons  in  these 
two  gases  at  atmospheric  pressure  is  about  5.5  ion 
pairs/cm  and  the  cross  section  is  proportional  to  Z2  [4],  A 
gold  bunch  with  109  ions  in  a  vacuum  of  10'8torr  will 
create  about  4,000  ion/electron  pairs  in  one  passage.  An 
MCP  has  a  detection  efficiency  for  1.5kV  electrons  of 
36%  so  about  1,400  electrons  will  be  detected  per  bunch 
[5].  Monte  Carlo  simulations  show  that  the  variance  of  a 
Gaussian  parent  distribution  can  be  obtained  to  within 
±2.2%  by  sampling  1000  points. 

A  bunch  of  1011  protons  will  produce  only  -20 
detected  electrons.  In  the  beginning  proton-beam  profiles 
will  be  generated  by  summing  up  50  or  more  single 
bunch  signals.  This  can  either  be  done  with  all  bunches 
or  by  looking  at  the  same  bunch  on  consecutive  turns. 
Single  proton  bunches  can  only  be  measured  if  a  pressure 
bunch  is  added. 

3.  DETECTOR 

Figure  1  is  a  cross  section  of  the  IPM  from  the 
perspective  of  looking  along  the  beamline.  The  detector 
vacuum  chamber  is  made  from  10x1 5cm  rectangular  304 
stainless  steel  tubing.  A  detector  port  is  formed  by 
welding  a  short  section  of  this  tubing  into  the  side  with  a 
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10”  conflat  flange  attached.  The  detector  (fig.  2)  is 
mounted  entirely  on  a  mating  flange. 

Two  30-cm  long  ‘C’  permanent  dipole  magnets 
producing  0.1 4T  are  placed  30  cm  apart  along  the 
chamber.  One  is  centered  on  the  detector  to  focus  the 
electrons  and  the  second  corrects  the  beam  deflection 
caused  by  the  first.  The  magnet  pole  tips  are  shaped  to 
produce  parallel  field  lines  within  an  area  of  38mm 
parallel  to  the  collector  by  63mm  perpendicular  to  it. 
Within  this  collection  area  the  maximum  field-line 
transverse  runout  is  0.034mm  or  6%  of  a  channel  width. 

The  collector  board  is  alumina  metallized  with  gold. 
There  are  64  anodes  which  are  91mm  long  and  spaced 
0.6mm  apart.  Plated-through  holes  connect  the  anodes  to 
traces  on  the  back  of  the  board  which  bring  the  collected 
charge  to  the  edge.  Short  alumina  coated  wires  are 
soldered  to  pads  on  the  board  and  are  attached  to  two  35- 
pin  feedthroughs  with  push-on  connectors.  A  chevron 
8x1 0cm  microchannel  plate  detector  [6]  is  screwed  directly 
to  the  board  with  a  kapton  gasket  providing  electrical 
insulation.  The  transverse  sweep  field  is  generated  with 
an  electrode  and  secondary-electron  suppression  grid  on  the 
other  side  of  the  beam. 


Figure  1.  Cross  sectional  view  of  IPM.  View  is 

looking  along  the  beamline.  In  this  orientation 
the  IPM  would  measure  horizontal  profiles. 

Taut-wire  beam-coupling  measurements  showed  that 
the  collector  board  needed  to  be  shielded  from  the  beam 
and  that  the  MCP  electrodes  did  not  provide  good  rf 
shielding.  The  board  is  enclosed  in  a  phosphor  bronze 
shield  and  the  input  of  the  channel  plate  is  covered  with 
copper  mesh  with  -90%  OAR.  Capacitors  soldered 
around  the  edge  of  the  mesh  provide  bypassing  and  the 
structure  is  grounded  to  the  vacuum  chamber  with  rf  finger 
stock. 

Four  high-voltage  lines  bias  the  MCP  input  and 
output  and  the  sweep  electrode  and  suppression  grid.  The 
sweep  voltage  power  supply  floats  on  the  MCP  input 


voltage  so  the  sweep  field  remains  a  constant  3.0kV  as  the 
MCP  bias  is  adjusted.  The  MCP  bias  voltage  is  the  only 
gain  control  ‘knob’  in  the  system.  MCP  bias  is  adjusted 
until  the  channel  with  the  largest  signal  approach  the 
dynamic  ceiling  of  the  electronics. 

The  detector  flange  has  four  2.75”  conflat  ports.  Two 
are  for  signal  feedthroughs  and  one  is  for  the  high  voltage 
feedthrough.  The  top  port  in  fig.  2  has  a  quartz  window 
for  illuminating  the  MCP  with  UV  light.  Although  the 
illumination  across  the  plate  is  not  uniform,  it  will 
provide  a  method  to  baseline  the  new  MCP.  The  current 
illumination  pattern  can  be  compared  to  the  baseline  to 
tell  when  the  plate  ages  and  the  gain  drops  in  the  center 
channels. 

Each  collector  anode  capacitively  couples  to  the 
output  electrode  of  the  MCP  by  about  1.3pF.  A  step 
pulse  delivered  to  the  MCP  output  drives  all  64  channels 
with  pulses  that  only  vary  by  the  small  differences  in 
anode  areas,  differences  which  also  affect  the  beam  signals. 
The  bias  line  to  the  MCP  output  is  a  parallel 
transmission  line  with  Z=105f2.  This  pulse  input  will  be 
used  to  calibrate  each  detector  to  compensate  in  software 
for  channel-to-channel  variations  in  gain  and  offset. 


Figure  2.  Photograph  of  detector.  The  MCP  and  anode 
board  are  on  the  bottom. 

4.  ELECTRONICS 

Each  bunch  passage  will  deliver  charge  pulses  to  the 
anodes.  Individual  pulses  are  integrated  and  shaped  by 
charge-sensitive,  hybrid  preamplifiers  and  hybrid  shapers 
both  designed  by  BNL  Instrumentation  Division.  The 
preamplifier  has  a  charge  sensitivity  of  0.6V/pC  and  a 
decay  time  constant  of  20ns,  and  the  shaper  has  a  voltage 
gain  of  10.  Bench  tests  done  by  injecting  signal  directly 
into  the  prototype  IPM  measured  a  noise  floor  for  the 
system  of  2-3fC.  The  shaper  output  is  amplified  by  a 
AD81 1  op  amp  [7]  set  to  a  gain  of  2,  and  coupled  into  a 
1  OOf 2  balanced  line  via  a  1:1  pulse  transformer. 

Every  channel  also  has  a  low-pass-filtered  output 
which  rolls  off  at  about  100kHz.  These  channels  provide 
dc  coupling  to  measure  beam  profiles  with  unbunched 
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beams.  After  filtering  the  signals  are  amplified  by  OP-37 
op  amps  and  coupled  into  twisted-pair  cables  through 
SSM2142  balanced-line  drivers  [7]. 

Eight  preamp  circuits  are  on  a  15x1 5cm  board.  Four 
of  these  boards  are  mounted  in  a  chassis  box  which  is 
attached  to  the  vacuum  feedthrough  to  minimize  signal 
lead  length.  The  pulse  outputs  are  connected  to  VME 
digitizers  installed  in  racks  beneath  the  beamline  to 
minimize  cable  lengths.  The  filtered  signals  are  brought 
out  of  the  tunnel  to  the  instrumentation  control  room 
(ICR)  on  twisted  pair  cable  and  digitized  with  a  RHIC 
general  purpose  A/D  converter  [8],  All  eight  pulse 
channels  on  each  preamp  board  are  summed  together  into 
one  signal  which  is  brought  back  to  the  ICR  on  coaxial 
cable  for  diagnostic  purposes. 

The  fast  pulses  have  a  base  width  of  100ns  and  a 
frequency  of  9.4MHz  with  120  bunches  in  a  ring.  They 
are  digitized  by  Hytec  VTR2535  8-channel  VME  digitizers 
[9],  Each  digitizer  channel  has  a  dedicated  AD9220  12-bit, 
10MSPS  ADC  [7]  backed  with  128k  words  of  memory. 
The  digitizers  are  triggered  by  a  VI 24  trigger  module 
synchronized  to  the  beam-sync  clock  [10].  During  beam 
measurement  the  data  are  written  into  memory  on  the 
digitizer  cards.  Acquisition  is  then  stopped  and  the  data 
are  read  by  the  front  end  computer  in  the  VME  chassis  and 
sorted  into  profiles. 

4.  CONTROL  PROGRAM 

During  the  commissioning  of  RHIC  the  IPM  will  be  an 
experimental  device  which  is  operated  manually  from  the 
ICR.  The  power  supplies  for  both  the  MCP  bias  and  the 
sweep  field  will  be  controlled  from  their  front  panels 
although  they  will  be  interlocked  to  vacuum  gauges. 
Early  commissioning  will  be  done  with  only  a  few 
bunches  in  the  ring  so  neither  gain  depletion  or  saturation 
is  a  concern.  Eventually  the  measurement  application 
will  control  these  voltages. 

The  control  application  allows  the  operator  to  select  a 
bunch  and  to  select  the  number  of  turns  to  be  collected. 
When  the  selected  number  of  profiles  are  acquired,  the 
program  sums  the  data  into  one  average  profile.  It  fits  a 
Gaussian  to  the  profile  and  displays  both  the  measured 
profile  and  the  center  and  variance  of  the  fit.  If  desired  this 
can  be  repeated  at  a  selected  interval.  After  each  data  set  is 
collected  the  new  profile  and  width  are  displayed.  The  last 
profile  is  added  to  a  mountain-range  display  and  the  values 
of  the  width  and  center  are  added  to  a  strip-chart  display. 
In  this  manner  we  can  follow  the  beam  profile  during  the 
energy  ramp. 


5.  SUMMARY 

Four  IPM’s  are  installed  in  RHIC  to  measure  horizontal 
and  vertical  beam  profile  in  both  rings.  The  design  is 
based  on  a  prototype  which  measured  single-bunch 
profiles  in  the  AGS-RHIC  transfer  line.  We  expect  to  be 
able  to  measure  single-bunch  profiles  of  gold  beams  and 
averaged  profiles  of  proton  beams.  Single-bunch  profiles 
of  proton  beams  will  only  be  possible  with  a  pressure 
bump. 
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Abstract 

Each  of  the  four  fractional  betatron  tunes  of  RHIC  (two 
planes,  two  rings)  is  measured  with  a  transverse  beam 
kicker  and  dedicated  beam  position  monitor  (BPM).  A  1- 
5kV  pulse  is  generated  by  a  fast  FET  switch,  passed 
through  a  stripline  kicker,  attenuated,  and  returned  to  the 
instrumentation  control  room  (ICR)  for  monitoring. 
When  pulsed  at  3kV,  the  four-meter  long  kicker  gives  a 
gold  beam  at  injection  (7^12.6)  an  angular  kick  of  llprad 
resulting  in  a  betatron  amplitude  of  0.8mm  at  the  BPM 
(abeam=4.3mm).  A  single  bunch  is  kicked  a  few  times  and 
then  measured  for  several  hundred  turns.  A  fast  Fourier 
transform  (FFT)  of  the  position  data  gives  the  tune. 

1.  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at 
Brookhaven  National  Lab  consists  of  two  synchrotrons 
which  intersect  at  six  points  around  the  3.8km 
circumference  [1].  Ion  beams  from  protons  to  fully- 
stripped  gold  will  be  accelerated  and  stored.  Both  rings  are 
designed  to  have  horizontal  tunes  of  28.19  and  vertical 
tunes  of  29.18.  Each  fractional  tune  will  be  measured  by 
exciting  a  betatron  oscillation  in  a  single  bunch  with  a 
transverse  beam  kicker  and  measuring  the  transverse 
position  on  subsequent  turns  with  a  BPM  [2]. 

Each  ring  has  two  kicker  modules  with  four  2m-long 
striplines  to  allow  both  horizontal  and  vertical  kicks. 
Two  kickers  are  installed  in  a  ring  so  one  can  be  used  with 
pulsed  power  for  kicks  and  the  other  can  be  driven 
proportionally  with  rf  amplifiers  for  transverse  damping. 
For  early  operation  of  RHIC  only  pulsed  power  will  be 
used  and  the  two  kickers  are  connected  in  series  to  provide 
4m  of  stripline  kicker.  Additionally  only  one  stripline  in 
each  plane  will  be  powered  and  the  opposing  stripline  will 
be  terminated  on  both  ends. 

In  this  paper  we  describe  the  kicker  and  the  BPM.  We 
describe  the  timing  which  allows  the  selection  of  the  same 
bunch  for  the  kicker  and  BPM.  Finally  results  are  given 
of  simulations  done  to  determine  the  measurement 
accuracy  possible  considering  the  RHIC  tune  spread  and 
BPM  resolution. 

2.  KICKER  AND  BPM 

Figure  1  shows  one  section  of  kicker  in  the  assembly  area 
set  up  for  electrical  measurements.  Four  2m-long, 
stainless  steel  striplines  are  mounted  on  ceramic  standoffs 


spaced  lm  apart.  Each  subtends  an  angle  of  70°  and  the 
aperture  is  7cm.  Electrical  connectors  are  type  HN 
feedthroughs.  The  assembly  is  designed  to  give  5012 
impedance  when  opposing  lines  are  driven  in  the  difference 
mode.  With  three  lines  terminated  the  impedance  of  a 
single  line  is  55Q. 


Figure  1.  One  section  of  kicker  in  assembly  area. 

One  channel  of  the  kicker  system  is  shown  in  fig.  2. 
The  kick  pulses  are  generated  by  fast  FET  switches  made 
by  Behlke  [3].  Pulse  current  is  supplied  by  capacitors  on 
the  switch  input  which  are  charged  by  a  5kV  power 
supply.  The  switches  for  all  four  measurement  planes  are 
mounted  in  one  chassis  box  and  powered  by  a  single 
power  supply.  One  switch  is  triggered  at  a  time  by  TTL 
pulses  from  the  timing  system. 

The  RHIC  acceleration  system  operates  at  harmonic 
number  360.  Speed  limitations  of  the  injection  kicker 
require  that  at  least  two  empty  buckets  be  between 
adjacent  bunches.  Therefore  bunches  cannot  be  closer 
together  than  about  1 10ns.  The  FET  switch  which  fires 
the  tune  kicker  gives  a  pulse  length  of  140ns  which  will 
be  centered  on  the  measured  bunch,  fig.  3.  Also  shown 
are  the  coupled  pulses  from  both  the  180°  line  and  one  of 
the  90°  lines.  This  shows  that  there  is  a  flat  region  of 
about  70ns  where  the  beam  will  be  affected  only  by  the 
pulsed  line. 
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Instrumentation 
Control  Room 


orbit  signal  therefore  possibly  increasing  the  resolution  to 
around  1p.m. 

3.  TRIGGERING 


Figure  2.  Electrical  block  diagram  of  kicker. 


Ten  Run:  l.OOCS/s  Sample 


tr . . 4-i 


Figure  3.  Oscilloscope  display  of  trigger  signal  (4), 
output  pulse  (1),  and  coupled  pulses  from 
the  180°  line  and  one  90°  line  (2,3).  The 
trigger  delay  here  is  80ns  and  the  pulse  is 
about  130ns  long.  A  lkV  pulse  returns  as  a 
IV  pulse  after  -60dB  of  attenuation. 


The  FET  switch  is  triggered  by  a  TTL  pulse  from  a 
modified  BPM  module.  This  module  receives  and  decodes 
the  beam  synchronous  event  link,  fig.  4.  This  is  a  timing 
and  event  channel  which  delivers  both  a  revolution  tick 
synchronous  with  the  beam  and  encoded  event  triggers. 


Triggers 


Figure  4.  Block  diagram  of  kicker  timing.  This  is 
same  as  BPM  data  acquisition. 

In  the  case  of  the  kicker,  the  ‘turn-by-turn  data 
acquisition  of  the  BPM’  event  will  trigger  a  sequence  of 
one  or  more  kicks.  The  kicker  trigger  is  supplied  by  the 
enable  gate  output  which  normally  triggers  data 
acquisition  by  the  BPM.  Each  BPM  and  the  kicker 
module  has  the  appropriate  delay  so,  on  turn-by-tum 
acquisition,  the  same  bunch  will  be  kicked  and  observed 
on  all  BPM’s.  For  most  tune  measurements  the  data  from 
a  single  BPM  per  plane  in  each  ring  will  be  used. 

All  of  the  BPM’s  are  connected  to  VME  via  IEEE 
1394  serial  bus  interface.  In  the  case  of  the  kicker  the 
connection  will  be  used  to  read  a  time-stamped  history  of 
kicks  for  correlation  to  the  time-stamped  position 
measurements.  Also  kick  delay  will  be  adjusted  over  this 
bus. 


A  ring  has  161  BPM’s  for  each  plane.  These  are 
23cm-long  50£2  striplines  with  one  end  shorted  and  the 
other  end  connected  to  high-speed,  peak-sampling 
integrated  processing  electronics.  The  system  is  described 
in  ref.  4.  In  principle  any  of  the  BPM’s  can  be  used  for 
the  measurement  and  one  is  chosen  where  the  P-function 
is  large. 

A  single  kick  of  a  gold  beam  at  injection  will  cause  a 
deflection  of  1  ljirad  giving  a  betatron  amplitude  of 
780(im  at  the  BPM  we  plan  to  use.  The  expected  BPM 
noise  floor  for  single  bunch  measurements  50p.m.  Also 
there  is  a  movable  dual-plane  BPM  located  near  each 
kicker.  These  can  be  positioned  to  null  out  the  closed 


4.  SIMULATION  RESULTS 

In  early  operation  of  RHIC  the  tune  will  be  measured  by 
kicking  a  single  bunch  with  one  or  more  kicks  to  build  up 
a  betatron  oscillation.  The  transverse  position  of  this 
bunch  will  be  measured  on  consecutive  turns  with  one 
dedicated  BPM  at  a  location  with  a  high  beta  function. 
Also  being  considered  is  white  noise  excitation  of  the 
beam  by  applying  random  kicks  to  the  bunch  duringthe 
entire  measurement  process  and  continuous  low-level 
excitation  via  a  phase-lock  loop. 

A  Monte  Carlo  simulation  was  done  to  estimate  the 
possible  measurement  accuracy  and  to  test  the  performace 
of  application  software.  A  sinewave  multiplied  by  a 
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calculated  Gaussian-shaped  envelope  [5]  is  analyzed  by 
performing  a  fast  Fourier  Transformation  (FFT)  on  the 
position  data  for  1024  turns.  In  the  simulation  a  coupling 
of  90%  between  horizontal  and  vertical  betatron  motion 
has  been  assumed.  The  fractional  tunes  with  a  tune  spread 
of  0.001  each  were  set  to  be  0.01  apart.  White  noise  with 
various  rms  amplitudes  was  added  to  simulate  the 
anticipated  noise  floor  of  the  BPM.  Noise  filter 
algorithms  are  implemented  in  the  application  software  to 
enhance  fit  results. 

Figure  5  shows  a  smoothed  FFT  spectrum  with 
simulated  data  at  a  signal-to-background  ratio  of  0.7.  The 
solid  lines  correspond  to  the  fitted  horizontal  and  vertical 
tune  signals.  The  FFT,  noise  filtering  and  fitting  were 
performed  on  a  set  of  input  signals  (qtap)  superimposed  by 
white  noise  at  signal-to-background  ratios  from  0.1  to 
1.0. 


100  120  140  100  180  200  220  240  200  280  300 
filtered  FFT  and  fits 

Figure  5.  Smoothed  FFT  spectrum  with  simulated  data 
with  a  signal-to-noise  ratio  of  0.7. 
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noise  level 

Figure  6.  Measurement  error  (Aq/q)  plotted  as  a 

function  of  noise  amplitude  for  filtered  and 
unfiltered  data. 


Figure  6  shows  the  deviation  of  the  fitted  tune  (qllt) 
from  the  input  value  as  a  function  of  noise  level  for  both 
filtered  and  unfiltered  FFT  spectra.  It  can  be  seen  that 
while  using  a  noise  filter  the  average  deviation  from  the 
real  value  stays  below  1%  up  to  a  noise  level  of  90%. 


This  value  corresponds  to  an  accuracy  of  the  order  of  10'3 
which  is  required  for  the  tune  measurement.  For  the 
anticipated  BPM  noise  level  at  RHIC  start  up,  i.e.  50%, 
we  expect  a  measurement  accuracy  of  lxlO'3. 

5.  DISCUSSION 

The  RHIC  tune  system  has  been  described.  Two  kicker 
sections  in  each  ring  will  be  connected  in  series  at  first 
and  transverse  kicks  will  be  delivered  to  the  beam  via  fast 
FET  switches.  For  early  operation  tune  will  be  measured 
by  giving  a  single  bunch  one  or  more  kicks  to  build  up  a 
betatron  oscillation  and  following  this  bunch  with  a  BPM 
in  the  turn-by-tum  mode.  Simulations  indicate  that 
fractional  tune  can  be  measured  with  an  uncertainty  of 
<0.5%. 
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Abstract 

We  have  designed  and  constructed  two  optical  beamlines 
for  the  KEK  B-Factory  synchrotron  radiation  monitors,  one 
for  each  ring.  Each  beamline  transports  the  SR  beam  30-40 
meters  to  an  external  optics  hutch  along  two  parallel  paths. 
One  path  is  used  for  direct  imaging  with  adaptive  optics[  1  ] , 
the  other  is  used  for  transverse  beam  size  measurements 
via  SR  interferometer[2]  and  longitudinal  profile  measure¬ 
ments  via  streak  camera.  We  designed  and  installed  relay 
lens  systems  for  the  adaptive  optics  paths.  We  also  provide 
remote  alignment  control  for  components  which  are  inac¬ 
cessible  during  beam  operation  (14  mirrors  and  2  pairs  of 
lenses  total),  with  monitoring  provided  by  a  set  of  remote- 
controlled  optical  screen  monitors.  We  describe  the  design 
of  the  relay  lens  and  alignment  systems  along  with  perfor¬ 
mance  results. 

1  INTRODUCTION 

The  KEK  B-Factory  is  an  asymmetric  electron-positron 
collider  with  two  intersecting  storage  rings:  the  High  En¬ 
ergy  Ring  (HER)  for  storing  8  GeV  electrons,  and  the 
Low  Energy  Ring  (LER)  for  storing  3.5  GeV  positrons. 
Each  ring  has  a  complete,  independent  SR  monitor  system, 
consisting  of  a  5  mradian  bend  SR  source  magnet,  water- 
cooled  beryllium  extraction  mirror,  closed  optical  beam¬ 
lines  and  above-ground  optical  hutch.  The  beamline  for 
the  LER  is  shown  in  Fig.  1 ;  the  HER  beamline  is  similar, 
except  for  having  one  less  bend  in  the  tunnel.  The  beamline 
is  split  into  two  paths  soon  after  the  extraction  mirror.  One 
path,  the  imaging  line,  contains  two  pairs  of  relay  lenses 
which  are  used  to  transport  the  SR  wavefront  at  the  extrac¬ 
tion  mirror  to  a  deformable  mirror  in  the  optics  hutch  for 
wavefront  correction  prior  to  imaging.  The  other  path,  the 
direct  beamline,  has  no  focusing  optics. 

The  mirrors  for  both  imaging  and  direct  beamlines  are 
custom  ground  and  coated  with  aluminum  for  a  surface  flat¬ 
ness  of  A/10. 

2  OPTICAL  PATH  DESIGN 

2.1  Imaging  Beamline 

The  principle  features  of  the  imaging  beamline  are  shown 
in  Fig.  2.  The  optical  path  begins  at  an  SR  extraction 
point  on  the  beam  line,  reflects  from  a  beryllium  extrac¬ 
tion  mirror  in  the  beam  pipe,  and  then  passes  to  an  opti¬ 
cal  hutch  aboveground  outside  the  tunnel,  where  the  im- 
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age  is  captured  via  camera  and  processed.  The  surface  of 
the  beryllium  mirror  is  deformed  by  heating  from  the  X- 
ray  component  of  the  synchrotron  radiation.  The  deforma¬ 
tion,  which  varies  as  a  function  of  the  SR  beam  intensity, 
introduces  a  corresponding  wavefront  distortion  in  the  SR 
beam.  The  surface  deformation  of  the  mirror  will  be  con¬ 
tinuously  monitored  in  the  tunnel  with  a  Shack-Hartmann 
wavefront  measurement  system  to  be  installed  during  the 
machine  shutdown  for  physics  detector  roll-in,  and  the 
wavefront  distortion  corrected  by  the  use  of  a  deformable 
mirror  (CILAS  BIM31)  in  the  optical  hutch.  This  adaptive 
optics  system[3]  should  permit  the  wave  front  distortion  to 
be  corrected  to  within  A/10  in  RMS. 

Because  of  the  distance  between  the  hutch  and  the  beam¬ 
line,  the  optical  path  between  the  two  mirrors  is  constrained 
to  be  at  least  30  meters.  A  set  of  relay  lenses  is  used  to 
transport  the  SR  wavefront  from  the  extraction  mirror  to 
the  deformable  mirror,  which  is  located  at  the  conjugation 
point  of  the  relay  lens  system. 

2.2  Relay  Optics  Design 

The  requirements  for  the  relay  lenses  are: 

•  Provide  plane-to-plane  focusing  for  the  extraction  and 
correction  mirrors:  each  mirror  sits  at  a  conjugation 
point  of  the  relay  lens  system,  to  map  the  surface  of 
the  extraction  mirror  onto  that  of  the  correction  mir¬ 
ror; 

•  Match  the  active  area  of  the  correction  mirror  to  that  of 
the  extraction  mirror:  the  15x15  mm  usable  surface 
of  the  extraction  mirror  needs  to  be  magnified  by  a 
factor  of  2  to  make  the  most  effective  use  of  the  clear 
aperture  (active  area)  of  the  5  cm  diameter  correction 
mirror; 

•  Minimize  aberrations  at  the  wavelengths  of  interest; 
a  bandpass  filter  in  the  optical  path  sets  this  range  to 
550  nm  ±  5  nm; 

•  Use  commercially  available  lenses  where  feasible. 

The  basic  design  uses  two  pairs  of  doublet  lenses.  Each 
pair  consists  of  a  concave  lens  and  a  convex  lens  with  fo¬ 
cal  lengths  of  equal  magnitude  but  opposite  sign,  which 
minimizes  the  dependence  of  focal  length  on  errors  in  fo¬ 
cal  lengths  of  the  two  lenses.  The  convex  lenses  are  com¬ 
mon,  commercially  available  lenses  (Melles-Griot  achro¬ 
matic  doublets).  Concave  lenses  are  not  commercially 
common,  so  they  have  been  custom  ordered. 

To  reach  the  factor  of  two  magnification  between  the 
front  focal  plane  (extraction  mirror  surface)  and  the  rear 
focal  plane  (correction  mirror  surface),  the  focal  length  of 
the  first  pair  of  lenses  is  taken  as  1  /3  of  the  total  distance 
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Figure  1 :  SR  Monitor  optical  beamlines  (LER) 


between  the  mirrors  (5100  mm),  while  that  of  the  second 
pair  is  taken  as  2/3  of  the  distance  (10200  mm).  The  re¬ 
sulting  set  of  design  parameters  is  shown  in  Table  1 . 


Table  1 :  Relay  Lens  Specifications 


Pair/ 

Eff. 

Edge 

Thick- 

Pair 

Lens 

Lens 

Foe. 

Dia. 

ness 

Foe. 

Sep. 

Len. 

(mm) 

(mm) 

Len. 

(mm) 

(mm) 

(mm) 

Pair  1: 
Convex 
(Melles 
Griot 

1000 

80 

10 

5100 

187 

LA0366) 

Concave 

(custom) 

-1000 

80 

10 

Pair  2 
Convex 
(Melles 
Griot 

2000 

150 

23.27 

10200 

373 

LA0379) 

Concave 

(custom) 

-2000 

150 

23 

As  a  starting  point,  the  concave  lenses  are  specified  as 
being  identical  to  the  convex  lenses,  but  with  opposite  radii 
of  curvature.  The  glasses  used  in  the  custom  lenses  are  then 
changed  to  more  common  types  (BK7  crown  and  F2  flint), 
and  optimized  for  the  required  focal  lengths.  Commer¬ 
cially  available  lenses  are  optimized  for  minimum  aberra¬ 
tions  at  infinite  conjugate  ratios;  the  curvatures  of  the  cus¬ 
tom  lenses  were  optimized  with  the  use  of  optical  design 
software  (Zemax)  for  minimum  aberrations  in  combination 
with  the  commercial  convex  lenses  at  the  finite  conjugate 
ratios  needed  and  at  the  required  magnification  on  the  sur¬ 
face  of  the  correction  mirror. 

In  addition  to  the  above,  an  additional  MG  LA0366  is 
used  after  the  correction  mirror  to  bring  the  image  to  a  final 
focus  at  the  video  camera  input.  This  final  focus  lens  is 
added  to  the  simulated  system,  and  the  spacings  between 
lens  pairs  in  the  end-to-end  design  re-optimized. 

The  resulting  design  shows  a  wavefront  distortion  of 
A/10. 

2.3  Direct  Beamline 

In  addition  to  the  imaging  beamline  described  above,  a  di¬ 
rect  (non-imaging)  optical  beamline  is  split  off  from  the 
imaging  beamline  before  the  first  lens,  and  proceeds  paral¬ 
lel  to  the  imaging  beamline  into  the  optical  hutch.  This  di¬ 
rect  beamline  is  used  for  precise  transverse  beam  size  mea- 
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Figure  2:  Relay  lens  optics.  Extraction  and  deformable  mirrors  sit  at  conjugation  points  of  the  lens  system. 


surement  via  interferometry,  as  well  as  for  longitudinal  pro¬ 
file  measurement  via  streak  camera.  The  direct  beamline 
contains  no  focusing  optics  between  the  SR  source  point 
and  the  hutch,  only  mirrors,  in  order  to  preserve  both  the 
spatial  coherence  for  the  SR  interferometer  and  the  tempo¬ 
ral  structure  for  the  streak  camera. 

3  MECHANICAL  DESIGN 

All  mirrors  which  are  below  ground  (8  in  the  LER  ring  and 
6  in  the  HER  ring)  are  movable  in  two  degrees  of  freedom 
with  pulse  motors.  The  pulse  motors  are  remotely  con¬ 
trolled  from  the  optical  hutches  to  permit  alignment  while 
the  rings  are  in  operation,  by  both  manual  control  and  GPIB 
interface. 

In  addition  to  the  mirrors,  the  second  set  of  lenses  in 
each  SR  beamline  are  remotely  movable  as  well,  to  ad¬ 
just  the  focal  length  and  magnification  of  the  mapping  of 
the  surface  of  the  extraction  mirror  onto  the  surface  of  the 
correction  mirror.  The  alignment  of  the  beamlines  before 
particle  beam  commissioning  was  carried  out  using  a  laser 
auto-collimation  method:  a  laser  beam  is  sent  down  the 
beamline  from  the  optics  hutch,  and  the  mirrors  adjusted 
sequentially  to  deliver  the  beam  to  the  SR  extraction  port, 
where  a  temporary  mirror  reflects  the  beam  back  up  both 
beamlines. 

For  alignment  with  the  SR  beam  itself,  when  the  laser 
auto-collimation  method  can  not  be  used,  a  set  of  “optical 
screen  monitors”  were  designed  and  installed  in  the  sys¬ 
tem  at  several  locations  in  each  beamline.  These  monitors 
consist  of  remotely  operable  guillotine-like  semi-opaque 
screens,  which  are  monitored  via  cameras  from  the  op¬ 
tics  hutch  to  facilitate  optical  path  alignment  using  the  SR 
beam. 

To  reduce  image  fluctuations  due  to  air  currents,  the 
beamline  is  closed  with  a  minimum  diameter  of  200  mm. 
Some  fluctuations  are  still  visible  and  further  work  remains 
to  be  done  in  this  area,  but  the  system  works  successfully 
for  streak  camera  measurements  and  for  beam  profile  mea¬ 


surements  using  both  the  imaging  and  direct  lines.  An  mea¬ 
surement  output  example  is  shown  in  Fig.  3. 


Figure  3:  Example  of  SR  measurement  system  output. 
Beam  size  (LER,  vertical  only  in  this  example)  is  moni¬ 
tored  continuously. 


4  RESULTS 

The  direct  and  optical  beamlines  for  the  LER  and  HER 
have  been  designed,  installed  and  commissioned,  and  are 
working  well  to  deliver  initial  SR  beams  for  imaging,  in¬ 
terferometry,  and  streak  camera  use.  Refinements  to  the 
measurement  methods  are  underway,  and  commissioning 
of  the  adaptive  optics  components  is  scheduled  to  begin 
shortly. 
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CRYSTALLINE  CHROMIUM  DOPED  ALUMINUM  OXIDE  (RUBY) 
USE  AS  A  LUMINESCENT  SCREEN  FOR  PROTON  BEAMS* 

- K.  A.  Brown,  D.  M.  Gassner* 

Brookhaven  National  Laboratory,  Upton,  NY  1 1973,  USA 


Abstract 

In  our  search  for  a  better  luminescent  screen  material,  we 
tested  pieces  of  mono-crystalline  chromium  doped 
aluminum  oxide  (more  commonly  known  as  a  ruby)  using 
a  24  GeV  proton  beam.  Due  to  the  large  variations  in 
beam  intensity  and  species  which  are  run  at  the 
Alternating  Gradient  Synchrotron  (AGS),  we  hope  to  find 
a  material  which  can  sufficiently  luminesce,  is  compatible 
in  vacuum,  and  maintain  its  performance  level  over 
extended  use.  Results  from  frame  grabbed  video  camera 
images  using  a  variety  of  neutral  density  filters  are 
presented. 


1  INTRODUCTION 

A  study  of  luminescent  properties  of  four  test  materials 
mounted  on  a  variable  position  plunged  actuator  was 
conducted.  The  flag  materials  were  installed  at  a  45° 
angle  to  the  beam.  The  light  emitted  from  the  flag  leaves 
the  vacuum  enclosure  through  a  transparent  quartz  port, 
then  reflected  90°  by  a  mirror  to  the  video  camera  which 
was  mounted  parallel  to  the  beam  path. 

2  HARDWARE 

2.1  Flag  materials 

Two  of  the  materials  tested  were  poly-crystalline 
aluminum  oxide  pieces,  one  doped  with  Cr20,,  the  other 
undoped.  These  were  supplied  by  Morgan  Matrox  Inc. 
commercially  called  Chromox  (A1203  99.4%,  Cr203  0.5%), 
average  grain  size  10-50um.  Chromox  and  radlin  (zinc 
cadmium  sulfide,  40%  cadmium  by  weight,  by  MCI 
Optonix,  commercial  name  Optex  PFG)  are  the  present 
flag  materials  used  for  diagnostics  in  the  slow  extracted 
beam  lines,  and  the  upstream  portion  of  the  fast  extracted 
beam  line. 

The  other  two  pieces  were  mono-crystalline  aluminum 
oxide  (ruby)  doped  with  different  amounts  of  Cr203. 
Union  Carbide  Corporation  Crystal  Products  provided  the 
0.22%  doped  piece  (1.5  mm  thick),  and  Crystal  Optics 
Research,  Inc.  supplied  the  0.05%  piece  (1  mm  thick). 


*  Work  performed  under  auspices  of  the  U.  S.  Department  of  Energy. 

*  Email:  gassner@bnl.gov 


Figure  1:  The  picture  above  is  the  view  looking  into  the 
vacuum  chamber  (typical  transport  vacuum  is  10  microns 
or  10'2  torr)  at  the  four  test  materials.  From  top  to  bottom: 
doped  aluminum  oxide,  undoped  aluminum  oxide,  ruby 
0.22%  doped,  and  a  round  ruby  0.05%  doped.  The 
location  of  the  test  assembly  is  157  feet  from  the  AGS 
ring.  The  beam  travels  left  to  right. 

These  commercially  available  laser  grade  rubies  were 
manufactured  using  the  Czochralski  production  technique. 
The  ruby  price  and  availability  is  attractive  due  the 
popular  use  of  ruby  lasers  in  industry.  In  fact,  the  majority 
of  the  cost  is  for  cutting  and  polishing  of  the  surfaces. 

2.2  Video  camera 

We  used  the  Dage-MTI  Inc.  70R  video  camera.  The 
camera  head  (with  1"  vidicon  tube)  is  separate  from  the 
camera  control  unit,  it  is  specifically  designed  for  use  in 
high  radiation  environments.  For  linearity  purposes  the 
automatic  gain  control  was  disabled,  and  the  auto  black 
compensation  had  a  negligible  effect  due  to  the  presence 
of  a  reference  near  absolute  black  in  the  image. 

A  remote  control  neutral  density  filter  assembly  is 
mounted  between  the  camera  lens  and  vidicon  tube.  It  has 
four  filters  (0.5,  1,  1.5,  2)  which  can  supply  attenuation 
variations  up  to  100,000. 
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2.3  Frame  grabber 

The  VME  based  framegrabber  is  the  Modular  Vision 
Computer  (MVC)  by  Imaging  Technology  Inc.  which 
operates  at  40  MHz  with  a  pipeline  processing 
configuration. 


- «ri71  7U«  DfC  29 1 1  ;1 3306  1900  - 
Pranwflnbb*r-  »b-fg1 
Signal  Rang*  >0  at 
OantroMa  11ST3I  -17.3043  mm 
OanhK  >  -3.2*1  as  -0.30*2 1  »mm 
Sigma  >339784 139233  mm 
Blip**.  1.59795  1.59232  mm 
That! -030291 557 
lrt»  natty.  301017 
Attenuation  .  0% 


Figure  2:  Sample  data  from  framegrabber  application. 

An  onboard  modular  histogram  processor  produces  the 
horizontal  and  vertical  projections.  The  image  was 
displayed  via  an  application  written  for  our  Sun  Solaris 
controls  system.  The  digitised  image  (512  X  480)  pixel 
values  can  range  from  0-255  (8  bits). 

3  TEST  TECHNIQUE 

The  flag  materials  were  individually  positioned  into  the 
path  of  the  24  GeV  slow  extracted  proton  beam  from  the 
AGS.  The  beam  was  spilled  out  at  rate  of  14  tera- 
protons/sec.  (for  2.5  sec.)  or  average  current  2.2 
microamps.  One  set  of  data  was  acquired  at  0.2  pa,  which 
was  our  typical  intensity  during  a  polarized  proton  run. 

Data  from  the  framegrabber  was  analysed  by 
determining  the  value  of  the  peak  pixels  in  the  center  of 
the  beam  spot.  Neutral  density  filters  were  remotely 
inserted  until  the  peak  pixel  values  were  in  the  lower  half 
of  the  full  response  range.  This  was  done  to  avoid 
saturation  and  stay  in  the  linear  response  of  the  system. 


4  RESULTS 

The  data  in  table  1  shows  the  peak  pixel  values  for  the 
camera’s  response  to  the  chosen  combinations  of  test 
materials  and  neutral  density  filters. 


Table  1:  Data  from  flag  material  study. 


ND 

Filter 

Atten. 

Beam 

Current 

Ruby 

.05% 

Ruby 

.22% 

A1A 

Undoped 

A1A 

Doped 

1/3160 

2.2  ua 

32 

30 

0 

18 

1/1000 

2.2  ua 

96 

85 

0 

51 

1/31.6 

2.2  ua 

sat. 

sat. 

55 

sat. 

None 

0.2  pa 

20 

17 

0 

<5 

The  undoped  poly-crystalline  aluminum  oxide 
produced  about  30  times  less  light  than  the  doped  version. 
The  emitted  light  from  the  polished  ruby  was  less 
dispersed  than  the  other  materials. 

The  mono-crystalline  material  produced  roughly  twice 
more  light  than  the  poly-crystalline. 

5  SUMMARY 

A  factor  of  two  more  light  is  emitted  from  mono¬ 
crystalline  rubies  verses  the  poly-crystalline  material. 
Slightly  higher  peak  levels  from  the  polished  ruby  due  to 
less  scattering  of  the  emitted  light. 

We  intend  to  use  the  mono-crystalline  ruby  (which  is 
more  compatible  in  a  vacuum  environment)  as  an 
alternative  to  radlin  which  will  out  gas  under  vacuum. 
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DEVELOPMENT  OF  FILM-MODE  WALL  CURRENT  MONITOR  AND  ITS 

APPLICATION  IN  HLS 

Wang  Guicheng*.  Leng  Yongbin,  Fang  Zhigao,  Wang  jihong,  Zhao  Feng,  Tao  Xiaoping,  NSRL 
Liu  Guangjun,  Li  Guangyeng,  Fang  Lei,  Anhui  Institute  of  Optics  and  Fine  Mechanics,  Hefei 

Abstract  1.2  Structure  of  Current  Monitor 


A  film-mode  wall  current  monitor  was  developed  in 
NSRL  in  cooperate  with  Anhui  Institute  of  Optics  and 
Fine  Mechanics,  Academia  Sinica.  It  is  in  an 
advantageous  position  of  continuity  and  uniformity  of  the 
film  and  used  on  line  with  success  in  HLS.  The  beam 
current  toroids  used  in  the  LINAC  of  HLS  are  just 
employed  for  measuring  the(JS  bunch  beam  current,  it  is 
limited  by  band  width  of  toroid  and  preamplifier.  We 
embed  a  film-mode  resistor  inside  of  every  toroid  to 
respond  to  ns  wall  current,  diagrams  of  structure  of  the 
film-mode  wall  current  monitor  and  cross  section  of  film¬ 
mode  resistor  are  given  in  this  paper. 

1.  THE  PRINCIPLE  AND  STRUCTURE  OF 
WALL  CURRENT  MONITOR 

The  non-interaction  monitor  is  related  to  the  use  of  the 
wall  image  current  induced  by  relativistic  particle  bunch. 

1.1  Principle  of  Current  Monitor 

The  principle  of  current  monitor  is  shown  in  Fig.  1 


Figl  The  particle  beam  and  it’s  induced  image  current 

Making  Assume: 

*  Particle-beam  with  y>10; 

*  Metallic  chamber  is  perfectly  conducting  or  with  skin 
depth  «  wall  thickness. 

From  continuity  equation 

— +v/=o 

dt 


We  have:  iw(t)=-Ib(t) 

Therefor  the  induced  image  current  and  its  azimuthal 
distribution  can  be  used  to  monitor  the  beam  intensity 
(see  Figl). 

Email:  Gchwang@ustc.edu.cn 


As  an  original  model,  ceramic  ring  of  1cm  in  length  is 
inserted  into  the  vacuum  tube,  with  20  inductance-less 
resistors,  of  1  kilo  ohm  each,  welded  across  the  ring  and 
evenly  distributed  to  allow  the  wall  current  to  pass  (see 
Fig2). 


Vacuum  tube  Ceramic  ring  Ferrite  core 


Sampling  resister 


Fig.2  Structure  of  wall  current  monitor 


Fig.  3  Equivalent  circuit  of  wall  current  monitor 

From  the  equivalent  circuit  of  the  wall  current  monitor 
(see  Fig3)  we  can  get: 

f  di 
irR  -  L— 
dt 

iw  =  is  +  iL  ( when  t  =  0,  i,  =  0) 

Where,  iw-  Wall  current 
R  -  Sampling  resistor 
L  -  Inductance  between  sampling  point 
And  ground 

Thus  we  obtained: 

iR  =iw  ■  exp(-— ) 

T 

iR(  the  current  passing  through  sampling  resisters  )  is  an 
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exponentially  decay  of  the  wall  current  with  time  constant 
x.When  the  beam  current  pulse  width  is  2ns,  and  if 
x=10ns,  R=50Q,then  L=0.05tHh.  This  is  a  small 
inductance  ,  can  be  formed  by  vacuum  tube  itself,  it 
means  that  under  the  condition  of  beam  current  pulse 
width  is  2ns  we  can  use  the  film  resistor  as  wall-current 
sampling  resistor  without  the  ferrite  core  for  enhancing 
the  inductance  L.  Finally,  we  mount  the  film  resistor  into 
the  gap  between  surface  of  vacuum  tube  and  coil  (Tor) 
used  for  monitoring  Ds  pulse  beam  current  (see  Fig4). 


Tor  coll 


Film  rises  ter 


Shlelder 

agnetlc  core 


Fig.4  structure  of  film-mode  wall  current  monitor 


2.  STRUCTURE  OF  FILM  RESISTOR 

A  cross  section  of  film-mode  resistor  with  length  of  20cm 
and  width  of  7cm  is  shown  in  Fig5.  Both  conductor-bands 
and  resistor-band  are  carried  by  a  PET-film  of  200nm  in 
thickness.  The  resistor-band  is  made  of  high  purity  Nickel 
located  at  the  center  of  2cm  in  width  and  40-60nm  in 
thickness.  One  Si02  layer  of  lOOnm  in  thickness  is 
evaporated  on  the  resistor-band  for  protecting  it  from 
decline.  Resistance  of  resistor-band  is  controlled  in 
around  50-100.  On  the  surface  of  four  conductor-bands, 
each  of  both  of  front  and  back  side  has  tow  bands,  they 
are  gold-plated  to  take  form  an  output  band. 

Pay  attention  to  clean  the  surface  of  PET  film  and  keep 
the  material  of  Ni  in  high  purity  for  preventing  the 
resistance  of  resistor-band  from  decline. 


Fig.5  Diagram  of  cross  section  of  film-mode  resister 


3.  APPLICATION  IN  HLS 


WMl 

WM2 

WM3 

WM4 

WMS 

WM6 

WM7 


Tunnal  Control  room  of  LINAC 


High-pass  Accumulator  Wide-band 
Filter  Amp  Oscilloscope 


Fig.6.Diagram  of  wall  current  monitor 

There  are  7  sets  of  film-mode  wall  current  monitors  in  the 
LINAC  of  HLS.  They  are  Divided  into  tow  groups  one 
includes  4  sets  another  3  sets.  The  signals  from  one  group 
are  feed  together  to  one  accumulator,  then  to  an  APM,  to 
one  channel  of  oscilloscope.  See  Fig.6. 

In  fact,  much  noise  are  picked  up  by  the  film-mode 
resistor  which  connect  immediately  with  the  wall  of 
vacuum  tube  of  LINAC.  Main  peaks  of  spectrum  of  noise 
concentrate  at  around  1MHz  in  frequency  domain.  High- 
pass  filters,  with  10MHZ  cut-off  frequency,  employed  for 
suppressing  the  low  frequency  noise  are  fixed  in  the  front 
of  accumulators  [2]. 

The  cables  from  monitors  to  filters  are  cut  out  for 
different  length  in  proper  order,  such  as  WMl -FI  is  5m; 
WM2-F2  is  10m;  WM3-F3  is  15m  and  so  on.  At  the  end 
one  can  make  a  pulse  packet  including  four  wall  current 
pulses  to  be  displayed  on  a  sweep  line  of  Tek-TDS680B. 
Usually,  one  can  spread  out  any  one  of  pulse  by  turning 
time  delay  and  changing  the  time  base,  see  the  Fig. 

4.  CALIBRATION  OF  SYSTEM 

The  calibration  of  whole  system  has  been  done  with 
calibration  set  [3],  see  Fig.7.  In  our  case  for  ns  beam 
current  the  sampling  resister  is  film-mode  used  without 
the  ferrite  core.  The  wall  current  and  input  signals  are 
shown  in  Fig.8.  As  a  result,  the  efficiency  of  this 
calibration  set  is  70%.  Adjusting  the  amplification  of 
preamplifier  one  can  keep  the  whole  gain  from  out  of 
toroid  to  input  of  oscilloscope  at  6dB. 

Finally,  the  calibration  coefficients  of  every  film-mode 
wall  current  monitor  are  listed  in  table  1. 
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Fig.7  Diagram  of  calibration  system 

Annotations  on  the  Fig.7: 

1- Signal  wire  through  inside  of  vacuum  tube; 

2-  Vacuum  tube; 

3- Metal  pole; 

4- Ceramic  ring; 

5- Sampling  resister  (film-mode  for  ns  signal); 

6-  Ferrite  core; 

7-  Terminal  load  for  matching; 

8-  Pulse  generator  (HP8082A); 

9- Power  divider(HP11667B); 
lO.-Probe  (HP54121A,  20GHZ  test  set); 

1 1  -  Oscilloscope  (HP54 1 20B). 


Table  1  Calibration  coefficients  of  film-mode  wall  current 
monitors 


Monitor  No. 

Resister 

Efficiency 

1 

10.50 

14.7  ma/mv 

2 

10.00 

14.7  ma/mv 

3 

10.50 

14.7  ma/mv 

4 

11. 5Q 

16.1  ma/mv 

5 

5.0Q 

7.0  ma/mv 

6 

50.00 

70.0  ma/mv 

7 

10.00 

14.0  ma/mv 
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Fig.8  Calibration  signal  and  sampling  output 
In  Fig.8: 

Up-line:  output  signal  from  sampling  resister; 
Down-line:  Calibration  signal. 
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A  Flying  Wire  System  in  the  AGS* 
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Brookhaven  National  Laboratory,  Upton,  NY  1 1973,  USA 


Abstract 

As  the  AGS  prepares  to  serve  as  the  injector  for  RHIC, 
monitoring  and  control  of  the  beam  transverse  emittance 
become  a  major  and  important  topic.  Before  the  installa¬ 
tion  of  the  flying  wire  system,  the  emittance  was  measured 
with  ionization  profile  monitors  in  the  AGS,  which  require 
correction  for  space  charge  effects.  It  is  desirable  to  have 
a  second  means  of  measuring  profile  that  is  less  dependent 
on  intensity.  A  flying  wire  system  has  been  installed  in  the 
AGS  recently  to  perform  this  task.  This  paper  discusses 
the  hardware  and  software  setup  and  the  capabilities  of  the 
system. 


1  INTRODUCTION 

The  primary  method  for  measuring  the  beam  profile  in  the 
AGS  has  been  through  the  use  of  an  Ionization  Profile  Mon¬ 
itor  (IPM).[1]  Another  method  which  has  been  used  with 
some  success  in  the  AGS  Booster  is  one  in  which  the  RF  is 
turned  off  and  the  beam  is  allowed  to  spiral  inward  as  the 
magnetic  field  is  varied;  the  beam  intercepts  a  scraper  and 
the  beam  loss  is  measured  versus  time.[2]  Analysis  of  this 
data  can  also  give  the  beam  profile.  However,  this  scheme 
only  works  for  measuring  horizontal  beam  distributions. 

Since  the  optical  properties  of  the  AGS  are  fairly  well 
understood,  a  measurement  of  the  beam  profile  with  the 
IPM  monitors  can  give  information  about  the  emittance  of 
the  beam.  In  the  vertical,  this  is  a  direct  measurement. 
However,  in  the  horizontal,  one  must  fold  in  the  spread  in 
beam  size  due  to  the  spread  in  momentum  of  the  beam  par¬ 
ticles  and  the  non-zero  dispersion  of  the  ring.  Moreover, 
the  IPM  measurements  require  space  charge  corrections, 
which  makes  the  measurement  sensitive  to  beam  intensity. 
Such  corrections  can  be  implemented  but  require  frequent 
calibration  of  the  system  high  voltage  to  obtain  accurate 
measurements. 

Flying  wires(”wire  scanners”)  have  been  widely  used  to 
measure  the  transverse  beam  profile  at  many  other  pro¬ 
ton  accelerators  such  as  CERN  PS  and  SPS,  KEK,  FNAL 
and  LANL.  A  flying  wire  system  consists  of  a  thin  wire 
which  traverses  the  beam  with  constant  speed  and  a  detec¬ 
tor  which  measures  the  scattering  of  the  beam  caused  by 
the  wire.  Since  the  scattering  is  proportional  to  beam  in¬ 
tensity  at  a  particular  wire  position,  the  detected  scattering 
versus  the  wire  position  gives  the  transverse  beam  profile. 

Placement  of  a  flying  wire  profile  monitor  in  the  AGS 
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allows  for  a  non-destructive,  independent  means  of  mea¬ 
suring  the  transverse  beam  size  and  cross-calibrating  the 
AGS  IPM.  Since  the  AGS  accelerates  protons  and  heavy 
ions,  it  is  desired  that  the  flying  wire  measures  emittance 
for  both  scenarios.  For  heavy  ion  beams,  because  of  the 
stripping  that  can  occur  as  the  wire  intercepts  the  beam, 
it  obviously  would  not  be  unobtrusive.  For  proton  beams, 
however,  especially  high  intensity  beams  where  the  space 
charge  effects  of  the  IPM  are  questioned,  the  wire  could 
prove  beneficial.  However,  wire  survival  may  be  compro¬ 
mised  with  high  intensity  beams  due  to  wire  heating. 


1.1  Heating  of  the  Wire 

To  estimate  the  temperature  rise  in  the  wire,  we  assume  that 
the  particles  lose  energy  in  the  wire  due  to  ionization  losses 
and  that  some  fraction  e/,  of  that  energy  remains  in  the  wire. 
This  implies  that  the  temperature  rise  will  be  approximately 


AT  ss 


eh  dx  Npfo 
\f2w<TypCsV  ’ 


where  dE/dx  is  the  energy  loss  per  unit  length  due  to  ion¬ 
ization,  Np  is  the  number  of  particles  in  the  ring,  ay  is  the 
rms  beam  dimension  in  the  direction  along  the  wire,  p  is 
the  density  of  the  wire  material  and  c,  is  the  specific  heat 
of  the  wire  material. 

Measurements  have  been  made  at  CERN[3]  to  determine 
a  value  for  eh  and  its  value  was  found  to  be  roughly  0.3. 
Their  measurements  also  showed  that  the  wire  would  break 
due  to  beam  heating  at  speeds  less  than  about  1  m/s  for 
total  beam  intensities  of  2  x  1013  protons.  If  a  similar  wire 
system  were  used  in  the  AGS,  then  the  speed  below  which 
the  wire  would  break  at  intensities  of  7  x  1013  would  be 
approximately 


..  ,  7  x  1013  0.5mm  6200m 

v  fh  lm/s)  x  - - -77  x  — -  x  — — — 

v  '  ’  2  x  1013  2mm  807m 

fa  7m/s, 

where  a  Gaussian  beam  with  emittance  ejv  =  507 r  mm-mr 
beam  in  the  AGS  is  assumed.  This  speed  is  easily  within 
the  range  of  present  systems.  In  reality,  the  AGS  beam  size 
is  estimated  about  ejv  =  1007 r  mm-mr.  If  one  anticipates 
higher  intensities,  then  a  system  which  can  attain  10  m/s 
wire  speeds  is  in  order. 

Radiative  cooling  also  helps  in  this  regard.  As  the  wire 
heats  up,  it  will  radiate  as  an  inefficient  “black-body.”  Sup¬ 
pose  a  wire  with  the  same  parameters  as  the  CERN  wire 
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system  is  used  in  the  AGS  at  a  location  where  the  ampli¬ 
tude  function  is  /3X  =  /3y  =  15  m.  At  the  highest  AGS  mo¬ 
mentum  29GeV/c,  the  temperature  rise  in  the  center  of  the 
wire  for  the  passage  through  a  Gaussian  beam  with  emit- 
tance  ejy  =  1007T  mm-mr  at  speed  of  v  =  7  m/s  is  about 
2100K. 

1.2  Emittance  Dilution  Estimates 

Due  to  Coulomb  scattering,  passing  a  wire  of  diameter 
d  will  increase  the  emittance  of  the  beam.  The  amount 
of  emittance  increase  can  be  estimated  by  considering  the 
wire  to  pass  through  the  beam  with  speed  v  at  a  location 
where  the  amplitude  function  has  value  /3q.  Then,  the  in¬ 
crement  in  emittance  due  to  a  single  scan  of  the  wire  is 

_  6irl30d2f0  (  15  A  2 
€N  P3~/Lradv  \938y 

where  f0  is  the  revolution  frequency,  (3  and  7  are  the 
relativistic  kinematic  factors,  and  Lrad  is  the  radiation 
length  of  the  wire  material.  Inputting  the  AGS  parameters 
used  above,  and  assuming  a  3 3 /on  carbon  fiber,  the  emit¬ 
tance  increase  using  a  speed  of  7  m/s  would  be  approxi¬ 
mately  Aejv  =  3.4tt  mm-mr  at  injection(1.9  GeV/c),  and 
0.27T  mm-mr  at  29  GeV/c. 

Based  on  the  analyses  described  briefly  above,  it  appears 
that  a  33  /on  diameter  Carbon  filament,  traveling  at  speeds 
greater  than  above  7  m/s  would  survive  crossing  an  AGS 
beam  of  7  x  1013  protons  with  normalized  transverse  emit- 
tances  of  1007T  mm-mr. 

2  THE  AGS  FLYING  WIRE  SYSTEM 
CONFIGURATION 

2.1  Flying  Wire  System 

The  AGS  flying  wire  beam  profile  monitor  system  is  lo¬ 
cated  in  a  10-foot  straight  section  of  the  AGS,  A20.  One 
vacuum  chamber  hosts  both  the  horizontal  flying  wire  and 
the  vertical  flying  wire,  sitting  upstream  and  downstream, 
respectively.  A  scintillator  paddle  installed  down  stream  is 
used  to  measure  the  beam  scattering  due  to  the  interaction 
with  the  wire.  It  can  measure  beam  profile  in  horizontal  and 
vertical  directions,  but  only  one  direction  can  be  measured 
at  a  time.  The  scintillator  paddle  is  1 .2  m  down  stream 
from  the  vertical  flying  wire  and  1 .5  m  down  stream  from 
the  horizontal  one. 

Two  rotary  stepping  motors  are  used  to  move  the  hor¬ 
izontal  and  vertical  wires  through  the  beam.  Each  motor 
rotates  a  shaft  with  two  wires  stretched  between  the  ends. 
The  angle  between  wires  is  120  degrees.  One  of  the  wires 
on  the  same  shaft  is  considered  a  spare.  The  motor  takes 
the  wire  from  its  parked  position  outside  the  beam,  accel¬ 
erates  it  to  desired  speed,  sweeps  it  through  the  beam,  and 
decelerates  it  to  a  stop  at  the  other  side  of  the  beam.  There 
exists  no  mechanical  interference  between  the  wires  in  hor¬ 
izontal  and  vertical  directions.  The  scattering  caused  by  the 


passage  of  any  of  the  wires  through  the  beam  is  measured 
with  the  same  photo  multiplier.  Therefore  only  one  wire 
can  be  moved  through  the  beam  at  one  time.  The  wires  can 
rotate  full  rotation  in  5000  steps.  At  their  desired  speed  of 
10  m/s,  wires  travel  0.2  mm  in  20  us. 

2.2  Detector  and  Readout 

The  detector  for  the  flying  wire  is  a  scintillation  counter. 
The  scintillation  material  is  Bicron,  BC-408.  The  counter 
paddle  has  a  circular  cutout  at  its  end  so  that  the  scintillator 
can  straddle  the  vacuum  pipe  and  intercept  a  180  degree, 
one  inch  wide  arc  in  the  beam  scattered  in  the  forward  di¬ 
rection.  A  light  guide  about  one  foot  long  is  used  to  guide 
the  light  to  an  XP2203B  ten  stage  photo  multiplier  tube. 
The  whole  assembly,  tube  base  and  all,  is  enclosed  in  a 
metal  shield  to  provide  for  the  best  possible  noise  rejec¬ 
tion.  An  LED  was  added  in  the  light  guide  to  provide  for 
testing  in  place. 

Discrete  counting  is  not  possible  due  to  the  beam  bunch¬ 
ing,  therefore,  the  analog  charge  signal  from  the  PMT  must 
be  used.  The  XP2203B  has  an  S20  photo  cathode  assuring 
the  largest  signal  and  best  overall  linearity.  A  resistor  di¬ 
vider  in  the  tube  base  provides  the  tube  bias  to  the  dynodes. 
Two  bases  are  available:  one  for  high  intensity,  which  uses 
five  dynodes  and  takes  the  output  from  the  sixth;  the  other 
for  low  intensities,  which  uses  all  ten  dynodes  taking  the 
output  from  the  anode.  Much  of  the  base  and  paddle  de¬ 
sign  was  fashioned  after  a  design  used  in  the  FNAL  flying 
wire  system  [4], [5]  and  we  are  grateful  for  their  help. 

Signals  from  the  PMT  are  read  differentially  by  a  VME 
module.  This  module  is  a  BNL  design  known  as  an  MADC 
(Multiplexed  Analog  to  Digital  Conversion  System).  Run¬ 
ning  at  full  speed,  this  module  provides  digital  signal  sam¬ 
ples  to  the  AGS  Control  Computer. 

2.3  Software  and  Controls 

An  Oregon  Micro  Systems  VMEX-2E  Motor  Controller 
board  is  used  for  the  control  of  the  motors.  It  can  control  2 
axes  of  motion  while  monitoring  their  actual  positions  with 
the  built  in  incremental  encoder  interface.  The  board  has 
a  Motorola  68000  processor  which  can  be  programmed  to 
execute  a  wide  variety  of  motion  commands.  A  sync  line  is 
available  to  synchronize  moves  to  external  events  and  there 
is  an  auxiliary  line  for  each  axis  which  allows  the  control 
of  external  events.  The  start  of  flying  wire  movement  is 
initiated  by  VI 02  Event  Link  Delay  Module.  Motion  sig¬ 
nals  generated  by  the  motor  controller  board,  besides  being 
used  for  motor  control,  are  used  as  external  scan  trigger 
signals  to  MADC  module. 

All  signals  generated  by  or  going  to  the  motor  controller 
board  go  through  a  transition  module.  The  operation  mode 
of  the  transition  module  is  determined  by  the  state  of  the 
motor  controller  X  and  Y  auxiliary  lines.  When  the  aux¬ 
iliary  line  for  one  of  the  axes  is  set  to  the  high  level,  the 
transition  module  will  allow  that  axis  of  motion  to  operate 
as  the  sync  line  becomes  active.  The  transition  module  will 
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AGS  flying  wire  Controls 


Figure  1:  The  AGS  flying  wire  control  sequence  diagram. 


also  send  signals  to  the  MADC  to  take  data.  When  both 
auxiliary  lines  are  set  high  then  the  transition  module  will 
only  send  signals  to  the  MADC  and  not  allow  either  motor 
to  move.  The  purpose  of  this  mode  of  operation  is  to  take 
background  measurements. 

The  control  sequence  is  shown  in  Figure  1 .  Beginning 
with  the  sync  signal,  the  V102  decodes  an  event  from  the 
AGS  event  link  and  delays  a  programmable  amount  of  time 
and  then  generates  the  sync  pulse.  When  the  VME  stepper 
motor  module  receives  the  sync  signal  it  begins  to  execute 
code  that  determines  the  direction  of  the  appropriate  motor 
and  outputs  the  clock  to  step  either  the  X  or  Y  plane  mo¬ 
tor.  The  transition  module  passes  the  motor  step  clock  and 
direction  signals  to  the  appropriate  motor  indexer  and  the 
step  clock  to  the  VI 02  module.  The  motor  step  clock  is 
used  by  the  VI 02  to  generate  programmable  delayed  sig¬ 
nals  which  in  turn  control  the  instrumentation  electronics 
and  the  MADC.  The  MADC  digitizes  the  analog  data  on 
every  step  of  the  motor  while  the  wire  is  in  the  beam.  The 
VME  stepper  motor  module  automatically  accelerates  the 
motor  to  the  correct  velocity,  runs  the  motor  at  a  constant 
velocity  through  the  beam  and  decelerates  the  motor  after 
the  wire  leaves  the  beam. 

3  PERFORMANCE  AND  FUTURE 

The  flying  wire  system  has  been  tested  during  the  AGS 
FY99  high  intensity  proton  run.  A  horizontal  beam  profile 
measured  with  the  AGS  flying  wire  is  shown  in  Figure  2. 
Due  to  the  proximity  of  the  detector  to  the  AGS  Ring,  and 
the  remote  location  of  the  electronics,  noise  pickup  from 
the  beam  and  other  devices  is  a  significant  problem.  A  large 
fraction  of  the  noise  is  rejected  by  the  differential  input  of 
the  MADC.  The  rest  can  be  filtered  effectively  by  proper 
DSP  techniques. 

The  flying  wire  system  in  the  AGS  provides  a  simple 
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Figure  2:  The  horizontal  beam  profile  measured  with  the 
AGS  flying  wire. 


precise  means  of  measuring  beam  profiles.  We  plan  to  run 
it  utilizing  other  species  such  as  heavy  ion  and  low  intensity 
polarized  proton  beam  in  the  AGS  in  the  future.  It  will 
become  a  valuable  tool  for  AGS  beam  diagnostics. 
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Abstract 

A  diagnostic  beamline  has  been  operated  in  the  PLS 
storage  ring  for  the  diagnostics  of  electron-  and  photon- 
beam  properties.  It  consists  of  two  optical  imaging 
systems:  a  visible  light  imaging  system  and  a  soft  \-ray 
imaging  system.  We  measure  transverse  and  longitudinal 
beam  structure  with  a  streak  camera  to  study  short-time 
beam  dynamics  from  the  visible  light  image.  Accurate 
transverse  beam  size  is  measured  with  soft  x-ray  image 
to  minimize  diffraction  error.  In  this  paper,  results  of  the 
beam  studies  and  the  measurement  of  beam  parameters 
are  summarized  and  discussed. 

1  INTRODUCTION 

The  Pohang  Light  Source  (PLS)  is  a  third  generation 
synchrotron  light  source  dedicated  to  many  scientific 
applications.  The  storage  ring  is  equipped  with  various 
electron-  and  photon-beam  diagnostic  instruments  such 
as  the  beam  position  monitor,  beam  current  monitor, 
photon  beam  monitor,  and  the  beam  feedback  system  to 
stabilize  photon  beam.  Photon  beam  diagnostics  is  an 
essential  technique  for  the  study  of  the  small-scale 
electron  beam  structure  as  well  as  its  temporal  dynamics 
in  short-time  scale  [1,  2],  For  this  purpose,  a  diagnostic 
beamline  has  been  operated  in  PLS  for  the  measurement 
of  the  transverse  electron  beam  shape,  beam  position  and 
the  longitudinal  structure  of  the  bunch  from  the 
synchrotron  radiation  source. 

Various  machine  parameters  were  measured  in  the 
diagnostic  beamline  with  imaging  systems  at  two 
different  band  of  wavelengths:  visible  light  and  soft  x- 
ray.  Transverse  beam  position  is  monitored  with  a 
position-sensitive  photodiode  detector,  and  the  beam- 
size  is  measured  with  a  2-dimensional  CCD  camera  or 
with  two  linear  photodiode-arrays.  Time-averaged 
bunch  length  is  measured  with  a  fast  photodiode  in 
conjunction  with  a  fast  sampling  oscilloscope.  A 
synchroscan  streak  camera  is  used  for  the  study  of  the 
transient  beam  structure  with  2  ps  resolution.  On  the 
other  hand,  more  precise  beam  size  is  measured  with  x- 
ray  optics. 

In  this  paper  we  describe  the  status  of  the  PLS 
diagnostic  beamline,  and  various  beam  diagnostics  and 
result  of  beam  studies  being  conducted  using 
synchrotron  radiation. 
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2  DIAGNOSTIC  BEAMLINE 

The  diagnostic  beamline  extracts  the  source  light  from 
the  bending  magnet  located  at  the  center  of  the  triple¬ 
bend  arc  sector.  From  the  bending  magnet  radiation,  8 
mrad  is  used  for  the  visible  light  imaging  system  and  2 
mrad  is  used  for  the  x-ray  imaging  system.  Designed 
beam  size  at  the  sector  symmetry  point  is  ox  =185  pm, 
and  ay  =59  pm,  and  the  design  value  of  the  emittance  is 

12.1  nm-rad.  The  source  point  is  2.9°  behind  the 
symmetry  point  of  the  bending  magnet  where  the  beam 
size  and  the  divergence  is  slightly  different  from  the 
center  of  the  magnet.  Since  the  visible  light  image  has 
large  diffraction  error  (Ry  =  (pA2  )m  where  p  is  bending 
radius  and  A  is  wavelength)  in  the  low  emittance  source 
due  to  the  very  small  radiation  angle  [2],  an  x-ray 
imaging  system  is  used  for  the  precise  measurement  of 
the  spatial  beam  structure  with  the  minimum  diffraction 
error.  Diffraction  error  of  the  imaging  system  with  440 
nm  (2.8  eV)  visible  light  is  around  100  pm  vertically, 
but  is  less  than  10  pm  with  284  eV  soft  x-ray.  The 
visible  light  imaging  system  is  mainly  used  for  study  of 
the  temporal  beam  structure  and  transient  beam 
dynamics  in  the  picosecond  regime.  A  layout  of  the 
diagnostic  beamline  is  shown  in  Fig.  1  and  more 
description  on  the  beamline  refers  to  Ref.  [3]. 

2.1  Visible  Light  Optics 

The  visible  light  imaging  optics  consists  of  a  water- 
cooled  copper  mirror  inside  the  vacuum  tank,  a  remote 
controlled  beam-steering  mirror  outside  the  vacuum  and 
two  achromatic  lenses.  An  1:1  image  is  formed  by  two 
achromatic  lenses  of  3  m  focal  length,  and  is  delivered 
onto  the  optical  table  mounted  with  various  detectors 
inside  a  dark  room.  Two  imaging  lenses  are  located 
with  a  mirror-symmetry.  The  first  focusing  lens  is 
located  at  7.5  m  from  the  source  point  and  the  second 
mirror  is  located  at  7.5  m  from  the  final  image  point. 
Total  distance  from  the  source  to  the  image  is  25  m. 

2.2  X-ray  Optics 

The  x-ray  imaging  system  consists  of  a  flat  deflecting 
mirror,  two  spherical  mirrors  arranged  as  a  Kirkpatric- 
Baez  optics  [4]  for  horizontal  and  vertical  focusing,  and 
a  5  pm  carbon  foil  to  cut  off  the  low  energy  photons. 
Vertical  and  horizontal  focusing  mirrors  are  located  at 
10.581  m  and  10.911  m  from  the  source  point  and  the 
image  is  formed  at  21.492  m  from  the  source. 
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Fig.  1  Layout  of  the  diagnostic  beamline. 

All  three  mirrors  have  3°  grazing  incidence  angle.  A  flat 
water-cooled  mirror  is  made  of  nickel-plated  Glidcop, 
and  two  spherical  mirrors  are  made  of  single-crystalline 
Silicon.  All  the  mirrors  are  coated  with  250  nm  thick 
nickel.  The  high  energy  photon  above  0.8  keV  is 
absorbed  by  the  grazing  incidence  metal  mirrors  and  the 
low  energy  photon  below  200  eV  is  absorbed  by  the 
carbon  foil.  Since  the  carbon  foil  has  the  sharp 
absorption  edge  at  284  eV,  the  combination  of  all 
beamline  components  passes  only  200  eV  to  284  eV 
photons,  forming  a  band-pass  filter. 

Ray  tracing  of  the  x-ray  imaging  optics  has  been 
performed  with  SHADOW  program.  Starting  from  the 
source  point  located  2.9°  behind  the  center  of  the  bend- 
magnet,  including  various  conditions  of  the  optical 
component  errors,  the  ray  tracing  has  shown  the 
distortion  or  aberration  errorof  the  optics  is  acceptable  to 
within  the  specification.  Wave-front  distortion  or  the 
image  diffuse  error  by  the  carbon  foil  and  the 
scintillation  plate  are  not  considered. 

2.3  Detection  Instruments 

Transverse  beam  parameters  are  measured  with  the 
photo-diode  detectors:  two  25pm  x  512  linear 
photodiode  array,  a  CCD  camera  with  9.7pm  x  9.7pm 
pixels  and  a  position-sensitive  photodiode.  We  use  a  fast 
20GHz  optical-to-electrical  (O/E)  converter  (New  Focus 
1437)  plugged  into  a  20GHz  sampling-oscilloscope 
(TEK  CSA803A)  for  the  measurement  of  the  bunch 
length.  Both  components  have  17ps  input  rise-time. 
The  optical  image  is  guided  to  the  O/E  input  through  a  4 
pm  single  mode  optical  fiber.  Two  15  dB,  25  GHz 
amplifiers  are  used  for  the  amplification  of  the  O/E 
output  signal. 

To  measure  the  transient  bunch  structure  in  time 
domain,  a  Hamamatsu  streak  camera(C5680)  is  installed 
on  the  optical  table  in  the  experimental  hutch.  Not  only 
the  picosecond-regime  bunch-structure  measurement  in 
the  time  domain  with  fast-scan  module  but  also  the 
spatio-temporal  measurement  of  the  bunch  train  is 
possible  with  a  slowscan  and  a  synchroscan  module. 

Two  kinds  of  beam  position  monitors  are  used  in  the 
diagnostic  beamline.  An  x-ray  position  monitor  made  of 


two  gold  plated  electrodes  measures  the  vertical  beam 
position  with  vertical  sensitivity  of  0.4%/pm  at  the 
center  of  the  monitor.  A  quadrant  photodiode  sensor 
measures  beam  positions  with  0.1  %/pm  sensitivity  using 
the  visible  light  image. 

3  BEAM  MEASUREMENTS 

In  the  diagnostic  beamline,  various  beam  parameters 
have  been  measured  such  as  transverse  beam  size,  beam 
emittance,  and  bunch  length.  The  ‘fast  beam  ion 
instability’  [6]  has  been  observed  at  the  diagnostic 
beamline  by  increasing  the  residual  gas  pressure  in  the 
storage  ring. 

3.1  Beam  Size  and  Emittance 

We  measure  beam  sizes  from  visible  images  as  well  as 
from  x-ray  images.  True  beam  size  is  estimated  from  the 
measured  value  by  subtracting  the  diffraction-limit  error. 
The  horizontal  beam  size  a,  is  303  pm  and  the  vertical 
beam  size  ay  is  63  pm  when  measured  with  a  visible 
light  image.  The  beam  emittance  obtained  from  this 
measurement  is  40  nm-rad,  which  shows  large  difference 
compared  to  the  design  value  of  12.1  nm-rad.  Since  it  is 
an  integrated  beam  image  during  the  CCD  exposure  time 
around  100  ms,  the  measured  beam  size  contains  beam 
oscillation  amplitudes  induced  by  beam  instabilities. 
The  beam  instability  is  mainly  due  to  the  higher  order 
modes  of  the  rf  cavity.  When  the  rf  cavity  temperature  is 
adjusted  carefully  to  an  optimum  condition  to  suppress 
the  higher  order  cavity  modes,  the  beam  size  is  reduced 
to  182  pm  and  the  equivalent  emittance  is  11.3  nm-rad. 
Vertical  beam  size  is  still  larger  than  the  expected  value, 
-40pm  obtained  from  the  coupling-ratio  measurement 
[5].  In  both  cases,  we  have  used  the  design  values  of  the 
dispersion  function  and  beta  function  to  get  the  beam 
emittance. 

In  x-ray  optics,  an  image  is  formed  on  a  thin 
fluorescent  crystal  and  we  measure  the  beam  size  with 
negligible  diffraction  error.  This  image  is  monitored 
with  a  CCD  camera  through  a  micro-telescope.  With 
5pm  carbon  filter,  we  have  obtained  43pm  for  vertical 
beam  size  and  186pm  for  horizontal  beam  size  at 
100mA.  It  gives  12nm-rad  of  beam  emittance,  implying 
that  the  storage  ring  has  reached  its  design  performance. 
Measured  beam  parameters  are  summarized  in  Table  1 . 


Table  1:  Measured  and  designed  beam  parameters. 


Beam  parameters 

Measured  value 

Design  value 

o. 

182pm 

189pm 

40pm 

59pm 

o. 

21ps 

17ps 

_ L _ 

1 1 .3  nm-rad 

12.1nm-rad 
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Intensity 


(a)  (b)  (c) 


Fig.4  A  fast-beam-ion-instability  signal  taken  with  streak 
camera:  a)  normal  state,  b)  when  ion  pumps  are  turned 
off,  bunch-train  tail  oscillates  at  CO-ion  frequency,  c) 
ion  frequency  increases  with  He  injection,  x:  25ps,  y: 
500ns. 


Fig.2  Bunch  length  measurement  by  Gaussian  fitting  of 
the  profile  from  the  streak  camera  image. 

The  x-ray  imaging  system  has  shown  an  unexpected 
intensity-dependence  in  the  measurement  of  beam  sizes. 
When  we  use  10|4.m  carbon  filter,  beam  size  decreases  to 
33pm.  Further  investigation  and  refinement  of  the  x-ray 
optics  are  planned  for  more  precise  measurement. 

3.2  Bunch  Length 

Bunch  lengths  are  measured  by  a  fast  sampling 
oscilloscope  and  a  streak  camera.  Using  a  sampling 
oscilloscope,  the  synchrotron  oscillation  amplitude  adds 
up  to  the  signal.  By  subtracting  the  instrumental  rise¬ 
time  effect  from  the  measured  value,  the  true  bunch 
length  is  33  ps  which  is  also  very  long  compared  to  the 
design  value  of  17  ps  due  to  the  longitudinal  beam 
instability.  Using  a  streak  camera,  we  have  measured 
true  single  bunch  lengths  as  shown  in  Fig.  2  and  3. 
Figure  3  shows  the  bunch  length  vs  beam  current.  The 
estimated  value  with  SPEAR-scaling  is  also  drawn  on 
the  measured  data  for  comparison.  It  shows  reasonable 
agreement  with  calculated  values  but  the  onset  of  the 
instability  starts  at  higher  bunch  current  than  expected. 
For  the  case  of  0.1mA,  0.2mA,  and  0.5mA,  multibunch- 
length  is  used  for  the  single  bunch  lengths  at  lower 
bunch  current. 
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Fig.3  Bunch  current  vs  bunch  length. 


3.3  Fast  Beam-Ion  Instability 

The  fast  beam-ion  instability  (FBII)  has  been  directly 
observed  from  the  storage  ring  by  injecting  Helium  gas 
to  increase  the  growth  time.  Snapshots  of  the  bunch  train 
were  taken  by  a  streak  camera  and  a  single-pass  beam 
position  monitor.  By  measuring  the  amplitude  of  the 
beam  oscillation,  ion  frequency,  and  the  vertical  bunch 
size  along  the  bunch  train,  we  have  observed 
characteristic  signals  of  the  FBII:  increase  of  the 
oscillation  amplitude  and  the  bunch  size  along  the  bunch 
train  with  expected  beam-ion  oscillation  frequency.  A 
beautiful  visual  evidence  of  the  fast  beam-ion  instability 
is  shown  in  Fig.  4  [7]. 

4  SUMMARY 

A  visible  optics  is  under  normal  operation  in  PLS  for  the 
transverse  and  longitudinal  beam  profile  measurements. 
Various  instruments  such  as  a  CCD  camera,  photodiode 
arrays,  position  sensitive  photodiodes,  a  synchroscan 
streak  camera  and  a  fast  photodiode  detector  are 
equipped  at  the  focal  plane  of  visible  optics.  We  could 
measure  the  transverse  beam  profiles,  beam  position  and 
the  longitudinal  bunch  structure  in  micrometer  spatial- 
scale  and  the  picosecond  temporal-scale.  In  particular, 
we  study  the  spatio-temporal  beam  properties  of  the 
electron  beam  with  a  streak  camera.  An  x-ray  image  is 
used  for  the  precise  beam  size  measurement  with  a 
negligible  diffraction  error.  However,  the  x-ray  imaging 
system  has  shown  an  unexpected  intensity-dependence 
in  the  measurement  of  beam  sizes.  Further  refinement  of 
the  x-ray  optics  is  planned  for  the  precise  measurement 
of  the  beam  size  and  the  beam  emittance. 
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Abstract 

The  Advanced  Photon  Source  (APS)  injector  includes  an 
S-band  linac  with  the  capability  to  accelerate  beams  to 
650  MeV.  The  linac  has  recently  been  upgraded  with  the 
installation  of  an  rf  thermionic  gun  in  addition  to  the 
standard  DC  thermionic  gun.  The  rf  gun  is  predicted  to 
have  lower  emittance  (5 7t  mm  mrad)  and  may  be  used  to 
support  the  APS  self-amplified  spontaneous  emission 
(SASE)  experiments.  The  critical  characterization  of  this 
gun’s  beam  has  begun  with  a  beam  diagnostics  station  at 
the  end  of  the  linac  that  can  address  beam  transverse  size, 
emittance,  and  bunch  length  (peak  current).  This  station 
uses  both  an  optical  transition  radiation  (OTR)  screen  at 
45°  to  the  beam  direction  and  a  Ce-doped  YAG  single 
crystal  normal  to  the  beam  with  a  45°  mirror  behind  it. 
The  visible  light  images  are  detected  by  a  Vicon  CCD 
camera  and  a  Hamamatsu  C5680  synchroscan  streak 
camera.  Spatial  resolution  of  about  30  pm  (a)  and 
temporal  resolution  of  1  ps  (c)  have  been  demonstrated. 
Examples  of  rf  gun  beam  characterization  at  220  MeV  are 
reported. 

1  INTRODUCTION 

The  ongoing  interest  in  high-brightness  particle  beams  has 
been  “stimulated”  by  the  potential  applications  to  self- 
amplified  spontaneous  emission  (SASE)  free-electron 
laser  experiments  [1,2].  At  the  Advanced  Photon  Source 
(APS)  the  injector  linac  has  recently  been  upgraded  with 
the  installation  of  an  rf  thermionic  gun  [3,4]  and  a  laser- 
driven  photocathode  (PC)  rf  gun  [5],  The  rf  gun  is 
predicted  to  have  lower  emittance  (5n  mm  mrad)  and 
sufficient  peak  currents  (-100A)  to  be  used  in  the  APS 
SASE  experiments  [6],  The  PC  rf  gun  is  expected  to  have 
even  better  brightness  [5],  The  capability  to  characterize 
such  beams  includes  a  beam  diagnostic  station  with 
improved  spatial  and  temporal  resolution  that  can  address 
beam  transverse  size,  emittance,  and  bunch  length  (peak 
current).  The  station  uses  both  optical  transition  radiation 
(OTR)  and  a  Ce-doped  YAG  single  crystal  normal  to  the 
beam  with  a  mirror  behind  it.  The  visible  light  images 
were  detected  by  a  charge-coupled  device  (CCD)  camera 
and  a  dual-sweep  streak  camera.  Spatial  resolution  of 
about  30  pm  (a)  and  temporal  resolution  of  about  1  ps  (a) 
have  been  demonstrated  in  earlier  studies  [7,8],  Examples 
of  beam  measurements  for  the  rf  gun  are  reported. 


♦Work  supported  by  the  U.S.  Department  of  Energy,  Office  of  Basic 
Energy  Sciences,  under  Contract  No.  W-3 1  - 1 09-ENG-38. 


2  EXPERIMENTAL  BACKGROUND 

The  APS  facility’s  injector  system  uses  a  250-MeV  S- 
band  electron  linac  and  an  in-line  450-MeV  S-band 
positron  linac.  The  original  electron  gun  was  a 
conventional,  gated  DC  thermionic  gun.  The  diagnostics 
station  was  initially  commissioned  using  this  gun’s  beam 
[7].  More  recently  an  rf  thermionic  gun  was  installed  that 
is  designed  to  generate  low-emittance  beams  (<  5n  mm 
mrad).  It  is  configured  with  an  alpha  magnet  that  allows 
beam  injection  just  after  the  first  linac  accelerating  section 
[3,4],  Both  in-line  linacs  can  be  phased  to  produce  50-  to 
650-MeV  electron  beams  when  the  positron  converter 
target  is  retracted. 

The  predicted  lower  normalized  emittance  of  beams 
from  the  rf  thermionic  gun  and  PC  rf  gun  versus  the  DC 
gun  results  in  correspondingly  smaller  beam  spot  sizes. 
We  have  addressed  this  at  selected  diagnostics  stations  by 
supplementing  or  replacing  the  standard  Chromox  screen, 
with  its  approximate  200-pm  spatial  resolution  and  300- 
ms  decay  time,  with  the  OTR  and  Ce-doped  YAG  screens. 
For  the  station  at  the  end  of  the  linac  the  OTR  screen  was 
a  molybdenum  mirror  from  Melles  Griot  and  oriented  so 
that  its  surface  was  at  45°  to  the  beam  direction.  The 
doped  YAG  crystal  of  0.5  mm  thickness  (obtained  from 
Startec)  was  mounted  with  its  surface  normal  to  the  beam 
direction  with  a  Zerodur  mirror  at  45°  to  the  beam  just 
behind  it. 

An  alignment  laser  was  injected  on-axis  into  the  bore  of 
the  linac  just  after  the  first  accelerating  structure  and  used 
to  assess  the  relative  orientation  of  the  two  mirrors 
involved  at  the  station.  The  laser  was  reflected  into  the 
optical  transport  line  and  then  used  to  simulate  the  path  of 
the  visible  light  images.  In  the  case  of  OTR,  the  direction 
of  the  path  is  particularly  critical  since  OTR  is  emitted 
around  the  angle  of  specular  reflection.  The  visible  light 
was  transported  out  of  the  linac  tunnel  to  an  optics  table 
via  two  150-mm-diameter  achromat  lenses  and  two 
mirrors.  For  these  experiments  the  OTR  or  YAG:Ce  light 
could  be  viewed  by  a  Vicon  CCD  camera  and/or  a 
Hamamatsu  C5680  dual-sweep  streak  camera.  The 
synchroscan  unit  was  phase-locked  to  1 19.0  MHz,  the  24“' 
subharmonic  of  the  2856-MHz  linac  frequency.  A  low- 
jitter  countdown  circuit  has  been  built  using  Motorola 
ECLIN  PS  Logic  to  generate  the  24°'  subharmonics  with 
sub-ps  jitter  [9].  The  synchroscan  unit  was  critical  to  the 
bunch  length  measurements  due  to  the  lower 
charge/micropulse  in  early  experiments.  The  model 
M5677  slow-sweep  unit  was  used  in  the  measurement  of 
the  YAG-Ce  response  time,  which  was  previously 
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reported  [10]  as  about  80  ns  (FWHM).  Although  beam 
energies  as  high  as  540  MeV  have  been  used,  one  set  of 
data  is  at  220  MeV,  the  energy  that  would  be  used  for 
SASE  experiments  at  517  nm. 

3  EXPERIMENTAL  RESULTS 

Preliminary  results  are  reported  in  this  section  on  rf  gun 
beam  transverse  size,  emittance,  and  bunch  length. 
Additionally,  the  measurement  of  the  YAG:Ce  crystal 
response  time  is  reported. 

3.1  Beam  Transverse  Size 

Recently  measurements  at  220  MeV  were  performed  on 
the  beam  at  the  end  of  the  linac.  Beam  images  were 
obtained  with  both  the  YAG:Ce  crystal  and  the  OTR 
converter.  Figure  1  shows  an  example  of  the  beam  vertical 
profile  using  OTR.  The  MAC-TA  algorithm  calculated  a 
spot  size  of  -170  pm  (FWHM)  that  corresponds  to  about 
72  pm  (a),  assuming  a  Gaussian-shaped  profile.  The 
aspect  ratio  (H:V)  was  about  4:1  for  this  beam  focus. 

Max^cale  -  4980  Mark  1  -  160.000ch  -Zcnt 

1016cnt/dtv  Mark  2  =  Z90.000ch  -3cnt 


Figure  1:  An  example  of  the  rf  thermionic  gun’s  vertical 
beam  profile:  170  pm  (FWHM). 


3.2  Preliminary  Emittance 

Having  obtained  reasonable  transport  and  focus  of  the 
beam,  an  evaluation  of  the  beam  emittance  was  performed 
by  the  standard  tracking  of  beam  size  with  the  quadrupole 
field  strength  of  an  upstream  magnet.  In  this  screen 
position  there  were  two  quadruples  that  were  available  to 
be  adjusted.  A  script  developed  by  M.  Borland  was 
adapted  that  automatically  stepped  the  fields  and  logged 
the  measured  beam  sizes  via  the  EPICS  process  variables 
[11].  As  shown  in  Fig.  2,  the  horizontal  beam  size  can  be 
minimized  by  selecting  a  combination  of  fields  from  the 
linac-to-PAR  magnets  LTPQ9  and  LTPQ10.  The  Max 
Video-20  digitized  data  were  fit  to  Gaussian  profiles  in 
this  case.  An  example  of  emittance  data  is  shown  in  Fig. 


3.  The  data  are  consistent  with  normalized  emittances,  £x 
=  8.8  Jt  mm  mrad  and  ey  =  9.5  k  mm  mrad  for  a  25-mA 
macropulse  current.  Errors  are  estimated  as  20-30%. 
Simulations  of  this  particular  rf  gun  setup  with  elegant 
[12]  have  reproduced  the  emittance  asymmetry  between 
the  two  planes.  It  is  noted  that  the  measured  and  computed 
emittance  ratios  are  similar  although  the  measured  values 
are  60%  higher.  These  measurements  were  made  without 
an  energy  filter  in  the  alpha  magnet.  As  a  result,  the  beam 
contains  a  trailing,  low-energy  component  that  is  expected 
to  significantly  increase  the  projected  (but  not  slice) 
emittance.  Although  this  low-energy  “tail”  contains  only  a 
small  fraction  of  the  total  charge  (approximately  10%  of 
the  total  bunch  charge  by  the  time  the  bunch  reaches  the 
end  of  the  linac),  it  is  the  greatest  contribution  to  the 
projected  (longitudinal  whole-beam)  emittance. 
Considerably  lower  measured  emittances  are  expected 
once  the  alpha  magnet  energy  filter  has  been  installed. 


Figure  2:  Variations  of  the  observed  horizontal  beam  size 
with  the  two  upstream  quadruples  Q9  and  Q10. 


Quad  Scan  Step 

Figure  3:  An  example  of  the  quadupole  field  scan  versus 
observed  beam  sizes:  ax  (circles)  and  ay  (triangles). 
Emittances  of  ^  y  <  10  7t  mm  mrad  were  determined  from 
the  fitted  curves. 
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3.3  YAG.  Ce  Crystal  Response  Time 

The  rf  gun’s  macropulse  is  typically  30  to  40  ns,  shorter 
than  the  80-ns  (FWHM)  response  time  of  YAG:Ce 
reported  by  Graves  et  al.  [10].  This  would  preclude  any 
submacropulse  imaging  with  this  converter.  We  have  used 
the  slow  sweep  streak  module  operating  at  1-p.s  full  range 
to  assess  the  actual  response  times  of  our  specific  crystals. 
The  electron-beam  macropulse  duration  is  not  a  delta 
function  impulse  to  the  system,  but  it  is  still  sufficiently 
short  that  a  reasonable  measurement  is  possible.  In  these 
data  we  actually  used  the  DC  gun  beam  with  a  shortened 
macropulse  of  -20  ns.  As  shown  in  Fig.  4,  the  measured 
YAG:Ce  response  is  105  ns  (FWHM).  A  preliminary 
assessment  of  the  1/e  time  is  also  about  1 12  ns.  The  streak 
unit’s  calibration  factor  is  based  on  the  original  factory 
calibrations. 

MexSttle  ■  4900  Mark  1  -  162.139ns  2225cnt  FWHM »  105  813ns 

lOOOcnt/dtv  Mark  2*  267.950m  2035cirt  AREA  = 


Figure  4:  Streak  camera  data  showing  the  response  time  of 
the  YAG:Ce  crystal  to  the  incident  20-ns  electron  beam. 
The  effective  response  is  about  105  ns  (FWHM).  The 
horizontal  axis  spans  1  ps. 

3.4  Bunch  Length  Measurements 

Assessments  of  micropulse-averaged  bunch  length  using 
the  synchroscan  streak  camera  have  begun.  Preliminary 
results  at  540  MeV  and  for  macropulse  currents  of  less 
than  150  mA  are  3-4  ps  (a).  Low  signal  levels  required 
averaging  over  about  30  macropulses  (few  seconds)  and 
so  may  involve  some  phase  slew  blurring  the  image  and 
lengthening  the  apparent  size.  Measurements  with  the 
optimized  gun  and  an  optimized  optical  path  at  220  MeV 
are  planned.  Use  of  a  fifth-harmonic  cavity  signal  to 
optimize  bunch  length  was  previously  reported  by 
Lewellen  et  al.  [4], 


year  at  high  macropulse  currents  of  the  rf  gun  and  on  the 
PC  rf  gun. 
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4  SUMMARY 

In  summary,  a  diagnostics  station  that  can  support  the 
characterization  of  bright  electron  beams  at  the  end  of  the 
APS  linac  has  been  tested.  It  has  also  been  used  to  attain 
preliminary  data  for  the  rf  thermionic  gun  beam  quality  at 
low  beam  currents.  Further  experiments  are  planned  this 
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Abstract 

The  x-ray  pinhole  camera  diagnostics  on  the  Advanced 
Photon  Source  (APS)  storage  ring  have  recorded  an 
“effective”  transverse  beam  size  instability  during 
operations  with  a  sextuplet  plus  22  singlets  fill  pattern. 
These  instabilities  were  not  observed  with  the  sextuplet 
plus  25  triplets  fill  pattern  that  has  been  the  standard  fill 
pattern  in  FY’98.  The  instability  threshold  is  at  82-85  mA 
with  positrons.  The  features  include  an  increased  average 
(few  seconds)  transverse  size  both  horizontally  and 
vertically  for  stored  currents  above  the  threshold  with  a 
correlated  effect  on  the  beam  lifetime.  The  horizontal 
transverse  emittance  is  25-30%  larger  at  100  mA  than 
below  the  threshold.  There  is  a  related  horizontal  beam 
centroid  motion  as  well,  but  this  does  not  explain  the 
vertical  size  change  nor  the  lifetime  effect. 
Complementary  data  were  also  taken  with  the  diagnostic 
undulator,  and  a  similar  threshold  effect  on  divergence 
was  observed.  The  cross-comparison  of  the  data  and 
possible  mechanisms  will  be  presented. 

1  INTRODUCTION 

Operations  of  the  Advanced  Photon  Source  (APS)  storage 
ring  have  included  two  fill  patterns  in  the  last  year:  one 
with  a  bunch  sextuplet  followed  by  25  bunch  triplets  that 
were  spaced  by  102  ns  and  the  other  with  the  sextuplet 
followed  by  22  singlets  spaced  148  ns  apart.  In  both  cases 
the  total  stored  current  in  the  ring  at  the  end  of  the  fill  is 
the  nominal  100  mA,  but  in  the  singlets  case  the  charge 
per  bunch  is  about  three  times  higher  than  in  each  bunch 
of  the  triplets.  In  the  singlets-fill  case  our  x-ray  pinhole 
camera  diagnostics  were  used  to  identify  two  instabilities 
that  result  in  increases  in  averaged  transverse  beam  sizes. 
One  instability  occurs  only  near  the  maximum  beam 
current  in  the  present  conditions,  and  the  horizontal  beam 
size  at  the  dispersive  point  is  dramatically  increased.  The 
other  is  also  present  down  to  the  threshold  of  82-85  mA. 
Several  cross-comparisons  of  results  from  both  the 
dispersive  and  nondispersive  bending  magnet  source 
points,  the  diagnostics  undulator,  and  the  streak  camera 
bunch  length  data  were  used  to  separate  the  features  of 
the  two  instabilities.  These  features  are  consistent  with  a 
transverse  instability  with  the  82-85  mA  threshold  and  a 
longitudinal  instability  at  the  top  of  the  fill.  The  first  is 
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sensitive  to  changes  in  the  sets  of  sextupole  currents 
(chromaticity)  and  the  second  to  changes  in  the  rf  cavity 
temperature  setpoints  (HOMs).  Representative  examples 
of  the  different  types  of  data  will  be  presented.  The 
observations  were  initially  performed  with  stored 
positrons,  but  the  basic  features  persisted  with  the  change 
to  electrons  in  October  1998. 

2  EXPERIMENTAL  BACKGROUND 

The  APS  storage  ring  utilizes  a  7-GeV  positron  or 
electron  beam  (since  Oct.  1998)  circulating  in  a  1104-m 
circumference  ring.  Normal  stored  beam  currents  are  100 
mA  with  a  natural  emittance,  £  =  7.9  ±  1.1  nm  rad.  The 
baseline  vertical  coupling  was  10%,  but  we  now  generally 
run  at  the  1-2%  level.  The  standard  fill  pattern  involves  a 
sextuplet  (each  of  similar  intensity)  totaling  10  mA  of 
stored  beam  current.  The  other  90  mA  are  distributed  in 
25  triplets  spaced  102  ns  apart  in  the  ring.  In  a  special 
user  mode  we  have  run  ~15  mA  in  the  sextuplet  and  85 
mA  distributed  in  22  singlets  that  are  148  ns  apart.  It  is 
this  latter  fill  pattern  with  about  three  times  the  charge  per 
bunch  that  has  exhibited  the  “effective”  transverse  beam 
size  growth.  These  phenomena  have  been  detected  with 
photon  diagnostics,  rf  BPMs,  and  the  tune  measurement 
system.  This  paper  will  concentrate  on  the  photon 
diagnostics  results. 

The  photon  diagnostics  are  located  in  one  of  the  40 
sectors  of  the  APS  [1-3].  We  use  radiation  from  bending 
magnets  and  a  diagnostics  undulator  as  shown  in  Fig.  1. 
For  the  dipole  magnet  source  at  a  dispersive  point  in  the 
lattice,  both  x-ray  synchrotron  radiation  (XSR)  and 
optical  synchrotron  radiation  (OSR)  techniques  are  used. 
An  in-tunnel  x-ray  pinhole  camera  includes  a  remotely 
controlled  four-jaw  aperture  at  9.1  m  from  the  source,  a 
CdW04  or  YAG:Ce  converter  crystal  at  17  m  from  the 
source,  and  a  charge-coupled  device  (CCD)  camera. 
Effective  spatial  resolutions  of  about  25  pm  (a)  are 
estimated.  The  video  is  digitized  by  a  Data  Cube 
MaxVideo-200  (MV200)  unit,  and  the  digital  results  are 
identified  as  process  variables  (PVs)  for  the  EPICS 
platform.  Data  logging  of  beam  size,  centroid,  and 
emittance  can  thus  be  done  on  a  24-hour  period.  The  OSR 
is  transported  out  of  the  tunnel  to  an  optics  station  where 
a  CCD  camera,  a  Stanford  Computer  Optics  (SCO)  Quik- 
05  gated  camera,  and  a  Hamamatsu  C5680  dual-sweep 
streak  camera  are  available.  The  synchroscan  unit  is  phase 
locked  to  1 17.3  MHz,  the  third  subharmonic  of  the  SR  rf 
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Figure  1 :  A  schematic  view  of  the  dipole  and  diagnostics  undulator  beamline.  On  the  undulator  line  the  monochromator 
and  pinhole  are  indicated.  On  the  dipole  source  the  aperture  is  in  the  tunnel,  and  the  converter  and  camera  are  indicated. 


master  oscillator.  In  these  studies  the  streak  camera  was 
used  to  monitor  changes  in  average  stored  beam  bunch 
length  as  a  function  of  current.  The  streak  images  also 
were  processed  by  a  second  MV200  and  tracked. 

Additionally,  the  nearby  diagnostics  undulator  and  low- 
dispersion-point  dipole  source  beamline  were  used  as 
warranted.  As  schematically  shown  in  Fig.  1,  the 
undulator  radiation  (UR)  is  used  with  the  single-crystal 
monochromator  for  divergence  information  and  the 
subsequent  four-jaw  aperture  for  horizontal  beam-size 
information  [4,5].  The  divergence  resolution  is  about  2.6 
(trad  (a)  and  the  pinhole  resolution  is  about  60  pm  (a). 

3  EXPERIMENTAL  RESULTS  AND 
DISCUSSION 

In  this  section  representative  examples  of  results  from  the 
different  sources  and  for  the  two  principal  instabilities 
will  be  presented.  The  EPICS  data  logger  and  a  second 
MV200  allowed  us  to  select  different  image  sources  while 
keeping  the  x-ray  pinhole  camera  as  a  reference  for  each 
12-hour  stored  beam  decay  period. 

3.1  Transverse  Instability 

The  basic  observation  in  the  x-ray  pinhole  data  is  the 
increased  averaged  horizontal  beam  size  for  some  current 
levels.  We  attribute  this  size  increase  to  both  a  measured 
centroid  oscillation  at  the  fractional  betatron  tune  of  0.20 
and  an  intrinsic  size  increase  of  some  kind.  In  Fig.  2  the 
effects  are  plotted  versus  stored  positron  beam  current. 
Both  the  horizontal  beam  size  and  emittance  in  Fig.  2a 
and  2b,  respectively,  are  larger  above  -85  mA.  There  is  a 
correlated  change  in  the  slope  of  beam  lifetime  versus 
current  also  at  ~85  mA  as  seen  in  Fig.  2c.  In  fact,  the 
correlated  change  in  lifetime  seen  in  Fig.  2  is  why  we  do 
not  attribute  only  a  centroid  motion  to  the  observed 
increase  in  transverse  horizontal  size.  The  only  effect  in 
the  streak  camera  data  was  the  expected  gradual  decrease 
in  bunch  length  with  decrease  in  single-bunch  current. 


Figure  2:  Plots  of  beam  a)  horizontal  size  (dispersive 
point)  and  b)  horizontal  emittance,  and  c)  stored  beam 
lifetime  versus  stored  beam  current.  There  is  a  correlated 
change  in  the  respective  slopes  at  -85  mA  of  stored 
positrons. 

During  the  stored  electron  beam  runs  in  Dec.  1998  the 
x-ray  pinhole  camera  data  were  compared  to  the  ID 
divergence  data,  the  ID  pinhole  data,  lifetime  data,  and 
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the  streak  camera.  Correlated  changes  were  seen  in  the 
first  two  horizontal  transverse  sizes,  as  shown  in  Fig.  3, 
and  also  with  the  lifetime. 


Figure  3:  Plots  of  the  variation  with  current  of  stored 
electron  beam  a)  horizontal  size  at  a  dispersive  point,  b) 
horizontal  divergence,  and  c)  ID  source  point  size.  All 
have  the  increased  values  above  85  mA. 

3.2  Longitudinal  Instability 

In  this  case  at  currents  around  101  mA,  the  observed 
horizontal  beam  size  shows  growth  from  140  to  260  pm 
as  shown  in  Fig.  4a.  In  Fig.  4b  the  beam  bunch  length 
change  from  35  ps  to  70  ps  is  shown  over  the  same  10- 
min  period.  An  effect  in  longitudinal  phase  space  is 
clearly  supported. 

Additionally,  the  nature  of  the  bunch  length  blurring  is 
related  to  a  phase  instability  detected  by  a  dual-sweep 
streak  camera.  A  synchrotron  oscillation  can  also  develop 
over  the  many  turns  at  1.8  kHz.  The  superposition  of  the 
two  effects  gives  the  30-ms  averaged  bunch-length 
change  from  35  ps  to  70  ps  (a). 

The  magnitude  of  this  effect  was  sensitive  to  the  rf 
cavity  temperature  and  was  reduced  by  changing  the  rf 
cavity  temperature  setpoint.  It  is  suspected  that  the 


higher-order  modes  (HOMs)  are  strongly  temperature 
dependent  and  are  contributors  to  the  effects  observed. 


Figure  4:  Plots  of  the  correlated  change  in  a)  horizontal 
beam  size  at  a  dispersive  point  and  b)  the  beam  bunch 
length  near  101-mA  stored  beam  currents.  These  are 
consistent  with  a  longitudinal  instability. 

4  SUMMARY 

In  summary,  we  have  used  the  correlated  observations  of 
beam  transverse  size,  beam  divergence,  and  bunch  length 
to  sort  the  features  of  the  two  instabilities  that  cause  an 
increase  in  effective  beam  size.  The  evidence  is  consistent 
with  a  transverse  instability  with  a  threshold  at  80-85  mA 
that  can  be  controlled  with  increased  chromaticity.  The 
longitudinal  instability  near  101  mA  (at  present)  is 
controlled  by  rf  cavity  temperature  setpoints.  Further 
experiments  with  a  gated  camera  to  search  for  horizontal 
quadrupolar  effects  or  energy  centroid  shifts  may  be  of 
interest.  We  are  now  in  position  to  provide  a  more  stable 
singlets-fill  beam  for  the  users,  and  this  was  successfully 
done  in  March  1999. 
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Abstract 

The  synchrotron  radiation  by  the  relativistic  particles  is  a 
useful  and  important  diagnostic  tool  to  obtain  various 
beam  parameters.  The  visible  light  of  the  synchrotron 
radiation  emitted  in  a  bending  magnet  of  the  BEPC  stor¬ 
age  ring  is  reflected  through  the  window  by  a  water- 
cooled  mirror  in  the  vacuum  chamber  and  then  directed  by 
a  remote  controlled  mirror  onto  the  optical  bench  sup¬ 
porting  the  diagnostic  instruments  in  the  dark  room.  These 
instruments  include  a  CCD  camera  providing  the  image  of 
the  beam  transverse  profile  on  a  TV  monitor,  a  lens  sys¬ 
tem  focusing  the  synchrotron  light  onto  a  solid  state 
scanned  photodiode  arrays  to  obtain  the  beam  height  or 
width,  a  streak  camera  to  measure  the  bunch  length  for  a 
single  pass,  and  a  two-dimensional  position  sensing 
photo-detector  to  monitoring  the  drift  of  the  beam  posi¬ 
tion.  This  paper  will  give  the  detailed  description  of  the 
synchrotron  radiation  monitoring  system  at  BEPC. 

1  GENERAL  DESCRIPTION 

The  Beijing  Electron-Positron  Collider  (BEPC)  was 
built  for  the  high  energy  physics  experiment  and  the  syn¬ 
chrotron  radiation  research.  The  BEPC  has  been  in  opera¬ 
tion  for  around  10  years.  The  synchrotron  radiation 
monitoring  system  has  been  put  into  operation  since  the 
startup  of  the  BEPC.  The  characteristics  of  the  electron 
and  positron  beams  circulating  in  the  ring,  such  as  the 
transverse  beam  size,  the  bunch  length  and  the  beam  po¬ 
sition,  can  be  measured  with  the  system.  Table  1  lists  the 
designing  values  of  some  parameters  related  with  the  syn¬ 
chrotron  radiation  monitoring  system.  The  vertical  beam 
size  in  the  table  assumes  an  emittance  coupling  of  3%. 


Table  1 :  Some  parameters  related  with  the  synchrotron 
radiation  monitoring  system  of  BEPC 


Parameters 

Collid.  mode 

SR  mode 

Ring  energy  (GeV) 

1.55-2.0 

2.2 

Revolution  freq.  (MHz) 

1.247  I 

Natural  emitt.  (nm-rad) 

406  -  666 

76 

H/V  rms  beam  size  at 
source  point  (mm) 

1.32/0.42- 

1.69/0.54 

0.58/0.26 

Rms  bunch  length  (ps) 

360  -  470 

255 

Bending  radius  at 
source  point  (m) 

10.34 

Distance  from  source 
point  to  first  mirror  (m) 

1.75 

Natural  open  angle  of 
light,  X=491  nm  (mrad) 

2.2 

Two  BEPC  primary  flat  and  optically  polished  mirrors 
in  the  vacuum  chamber,  one  each  for  the  positron  and 
electron  beams,  are  made  of  Cu  coasting  with  gold.  The 
visible  part  of  the  synchrotron  light  is  reflected  horizon¬ 
tally  through  the  side  window  by  the  water-cooled  mirror 
and  then  directed  vertically  by  a  remote  controllable  mir¬ 
ror  to  the  optical  building  where  contains  an  optical  table, 
detector  electronics,  work  space.  The  third  mirror  brings 
the  light  into  the  horizontal  plane  again  and  to  the  optical 
table  supporting  the  optical  components  comprising  the 
detector  system.  The  newly-built  optical  table  was  put  into 
use  at  the  beginning  of  1998.  The  surface  area  of  the  op¬ 
tical  table  is  1.81  x  1.2  m2  and  is  more  than  5  times  of  the 
area  of  the  original  optical  table. 


9  beam 

Figure  1:  Setup  of  the  BEPC  synchrotron  radiation  moni¬ 
toring  system 

Figure  1  shows  the  setup  of  the  synchrotron  radiation 
monitoring  system  at  BEPC.  As  can  be  seen  from  the  fig¬ 
ure,  a  CCD  camera  provides  the  beam  profile  on  a  TV 
monitor.  The  image  of  the  beam  profile  is  also  displayed 
in  the  center  control  room.  The  beam  height  and  width  are 
measured  with  a  lens  system  focusing  the  synchrotron 
light  onto  two  solid  state  scanned  photodiode  arrays.  The 
bunch  length  for  a  single  pass  is  measured  with  a  streak 
camera  only  for  the  electron  beam.  The  light  beam  posi- 
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tion  is  monitored  with  a  position  sensing  photo-detector. 
Figure  d  shows  a  photo  of  the  new  optical  table. 


Figure  2:  New  optical  table  for  the  e  beam 

2  PHOTODIODE  ARRAY 

Two  solid  state  self-scanning  linear  photodiode  arrays  of 
EG&G  Reticon,  Model  RL0512S,  have  been  used  as  the 
detectors  for  the  transverse  beam  size  measurements,  one 
each  for  the  horizontal  and  vertical  planes.  The  array  con¬ 
sists  of  a  row  of  silicon  photodiodes,  each  with  an  associ¬ 
ated  storage  capacitor  on  which  to  integrate  photocurrent 
and  a  multiplex  switch  for  periodic  readout  via  an  inte¬ 
grated  shift  register  scanning  circuit.  The  photodiode  ar¬ 
ray  contains  512  diode  sensor  elements  of  25  pm  centers, 
so  the  overall  length  of  the  array  is  12.8  mm.  The  width  of 
each  sensor  element  is  2.5  mm  giving  each  element  a  ge¬ 
ometry  with  the  100:1  aspect  ratio.  The  spectral  response 
range  for  the  quartz- windowed  array  is  from  250-1000  nm 
with  a  peak  response  around  750  nm. 

The  synchrotron  light  with  X  -  491  nm  collected  on  a 
sensor  area  generates  a  charge  which  is  proportional  to  the 
intensity  of  the  incident  light  and  to  the  integration  period. 
Charges  accumulated  on  the  photodiodes  are  readout  se¬ 
quentially  and  processed  by  a  sample  and  hold  signal 
processing  circuit.  The  resulting  video  output  signal  is 
send  to  an  oscilloscope  and  appears  the  sampled  and  held 
boxer  waveform.  The  FWHM  width  of  the  waveform  is 
then  read  by  a  PC  with  the  GPIB  interface  card  to  obtain 
the  rms  half  height  and  width  of  the  beam. 


Figure  3:  Horizontal  (upper  trace)  and  vertical  (lower 
trace)  beam  profiles 


It  was  decided  to  use  a  single  focusing  lens  system  for 
both  transverse  beam  size  and  beam  position  measure¬ 
ments.  The  focus  length  and  the  diameter  of  the  lens  are 
832  mm  and  80  mm,  respectively.  Considering  the  object 
distance  of  6800  mm  and  image  distance  of  948  mm,  the 
magnification  coefficient  of  the  optics  is  0.139. 

Figure  3  shows  a  photo  of  the  oscilloscope  waveforms 
of  beam  profiles  at  1 .55  GeV.  Taking  account  of  the  mag¬ 
nification  0.139  of  the  optics  and  various  measurement 
errors  such  as  curvature  of  the  electron  beam  orbit,  field 
depth  and  diffraction  errors,  the  horizontal  and  vertical 
rms  beam  size  at  the  source  point  can  be  derived. 

3  STREAK  CAMERA 

A  streak  camera  Model  C5680-11  of  the  Hamamatsu 
Photonics  has  been  used  for  the  bunch  length  measure¬ 
ment  since  1996.  The  streak  camera  can  be  divided  into 
the  main  unit  C5680,  the  synchroscan  unit  M5675  and  the 
dual  time  axis  expansion  units  M5679.  The  C5680  in¬ 
cludes  the  input  optics,  the  photocathode,  the  MCP,  the 
CCD  camera,  and  other  image  control  system.  The  M5675 
controls  the  vertical  sweep  by  the  signal  synchronized  to 
the  incident  light.  It  insures  the  image  section  of  the  de¬ 
vice  to  keep  up  with  the  high-speed  light,  and  also  insures 
the  high  temporal  resolution  within  2  ps.  The  M5679  con¬ 
trols  the  horizontal  sweep  of  the  screen  image  and  deter¬ 
mines  the  acquisition  time  of  every  picture.  The  whole 
system  also  includes  the  delay  unit  C1097,  a  remote  con¬ 
troller,  a  monitor,  a  pulse  generator,  a  control  computer 
and  other  auxiliary  parts  as  shown  in  Figure  4. 


Remote  Controller 


Figure  4:  Configuration  of  the  streak  camera 

The  pulses  of  synchrotron  radiation  incident  light  be¬ 
ing  measured  pass  through  the  optics  and  enter  the  streak 
camera.  The  RF  signal  with  the  99.76  MHz  frequency 
(half  the  RF  frequency  of  the  ring)  goes  into  the  M5675  as 
the  vertical  sweep  timing  signal  after  passing  through  the 
Cl 097.  At  the  same  time  the  pulse  signal  from  the  pulse 
generator  PG502  acting  as  the  horizontal  sweep  timing 
signal  is  sent  to  the  M5679.  The  streak  camera  can  be 
operated  from  the  Power  Macintosh  8100  computer  with 
an  image  processing  board,  an  GPIB  board  and  the  streak 
camera  control  software  U5565.  It  can  also  be  operated 
from  the  remote  control  panel.  The  video  signal  of  the 
bunch  image  is  monitored  by  a  monitor  and  can  be  cap¬ 
tured  by  the  PC. 
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The  incident  light  pulses,  only  those  bombard  on  the 
photocathode,  are  converted  into  electrons,  and  are  effec¬ 
tive  for  the  streak  camera  measurement.  The  photocathode 
has  an  area  of  150  pm  in  height  and  6  mm  in  width.  The 
diaphragm  before  the  camera  lens  can  be  chosen  from 
several  holes  with  the  diameters  of  10  pm,  30  pm  and  100 
pm.  Even  if  the  diaphragm  is  opened  completely,  we  must 
adjust  the  light  being  measured  within  the  size  of  the 
photocathode.  The  light  adjustment  is  one  of  the  most 
important  but  difficult  jobs  for  the  bunch  length  meas¬ 
urement. 

Figure  5  shows  the  bunch  image  of  the  BEPC  storage 
ring  we  have  obtained  with  only  one  electron  bunch  in  the 
ring.  The  revolution  period  of  the  bunch  in  the  storage 
ring  is  801  ns  and  the  horizontal  sweep  time  of  the  streak 
camera  is  5  ms,  so  6  consecutive  turns  of  the  same  bunch 
can  be  seen  on  the  screen  at  a  time. 


Figure  5:  Beam  image  of  6  consecutive  turns  of  the  same 
bunch 

The  software  U5565  gives  the  counts  for  each  of  480 
channels  (or  480  time  intervals)  of  the  full  scale.  The  rms 
bunch  length  a  is  obtained  by  fitting  these  data. 

4  POSITION  SENSING  PHOTO-DETECTOR 

As  mentioned  in  the  previous  section,  the  beam  position  is 
measured  with  a  single  focusing  lens  system.  After  re¬ 
flection  from  the  three  mirrors  and  passage  through  an 
832  mm  focusing  lens,  the  image  of  the  electron  beam 
cross  section  is  formed  on  a  position  sensing  photo¬ 
detector  Model  SC/10D  of  United  Detector  Technology 
(UDT).  The  SC/10D  is  the  planer  diffused  construction 
PIN  diode  which  provides  the  high  performance  and  reli¬ 
ability  with  the  low  noise  value  for  the  10  x  10  mm2  active 
area. 

For  one  of  the  two  transverse  planes,  the  two  opposite 
output  signals  of  the  SC/10D  are  fed  to  a  sum  and  differ¬ 
ence  amplifier  Model  301B/AC  of  UDT.  The  sum  and 
difference  signals  of  the  301B/AC  are  digitized  by  a  PC- 
based  ADC  card  which  fits  into  one  ISA/EISA  expansion 
slot  in  the  backplane  of  an  industry-standard  compatible 
PC.  The  ADC  has  a  12-bit  resolution  and  25-ps  AD  con¬ 
version  time.  The  range  of  the  sum  signal  is  around  1-10 
volts  when  the  beam  intensity  is  10-100  mA  in  the  case  of 
the  dedicated  synchrotron  radiation  operating  mode  with 
the  beam  energy  of  2.2  GeV.  The  difference  signal  is  di¬ 
vided  by  the  sum  signal  in  the  computer  to  obtain  the 
normalized  position  signal  of  the  light  beam. 


The  normalized  position  signal  versus  the  image  posi¬ 
tion  is  calibrated  by  moving  the  SC/10D  with  a  microme¬ 
ter.  As  shown  in  Figure  6,  the  sensitivity  of  the  light  beam 
position  is  0.467  mm  in  the  central  50%  active  area  of  the 
SC/10D.  Considering  the  magnification  coefficient  0.139 
of  the  optics,  the  sensitivity  of  the  electron  beam  position 
is  3.36  mm. 


Figure  6:  The  sensitivity  of  the  light  beam  position 


Figure  7  shows  a  long  term  electron  beam  position 
drift  of  60  hours.  The  data  are  stored  in  the  BEPC  archive 
database  with  the  sampling  time  interval  of  60  seconds. 


Time  (60  hours  from  21:31  onDec.18.  1998  lo  0S3 1  onDet.21, 1998) 

Figure  7:  The  beam  position  and  beam  intensity  vs.  time 
5  SUMMARY 

The  synchrotron  radiation  monitor  plays  an  important  role 
in  the  BEPC  beam  diagnostic  instrumentation  system. 
Two  new  optical  tables  have  been  put  into  use  and  almost 
all  measurement  systems  have  been  modified  during  the 
period  from  year  1996  to  1998.  These  modifications  are 
very  useful  for  overall  machine  operation  and  machine 
studies.  The  efforts  are  still  carrying  on  to  make  meas¬ 
urements  more  accurate  and  reliable. 
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Abstract 

In  order  to  achieve  an  extremely  low  emittance  down  to 
ey~lxlO'“m-rad,  the  beam  development  has  been 
continued  at  KEK-ATF  for  future  linear  collider.  The 
emittance  measurement  in  the  damping  ring  is  a  key 
point  to  confirm  the  low  emittance  beam.  The  beam  size 
measurement  is  done  by  SR  interferometer  using  visible 
light  (~500nm)  at  ATF  damping  ring.  The  measured 
beam  sizes  were  already  reached  less  than  14pm(  vertical) 
and  37pm(horizontal),  respectively.  The  beta  function 
was  also  measured  by  applying  a  perturbation  on  the 
quadrupole  magnet.  The  dispersion  function  was 
measured  by  means  of  rf  frequency  modulation  method. 
Combining  these  measured  values,  the  emittance  was 
measured  as  ex=1.8xl0'9  m-rad,  ey=6.1xlO'M  m-rad.  The 
measurement  technologies  are  described. 

1  INTRODUCTION 

To  establish  a  low  emittance  beam  is  one  of  the 
significant  milestone  for  the  future  linear  collider.  The 
ATF  was  designed  to  develop  the  low  emittnce  beam, 
and  it’s  designed  emittance  is  ey~lxlO'nm-rad  and 
ex~lxl0‘9m-rad[l].  The  measurement  of  an  emittance 
such  a  small  beam  is  not  easy  by  using  the  ordinal 
methods  such  as  an  imaging  of  Synchrotron 
radiation(SR).  At  the  beginning  of  the  ATF 
commissioning,  the  beam  size  monitor  by  means  of  the 
imaging  of  the  SR  was  used  for  an  observation  of  the 
damped  beam  size.  The  predicted  beam  size  at  source 
point  is  6pm  for  the  vertical  and  30pm  for  the  horizontal, 
however  the  diffraction  limit  of  the  imaging  system  is 
about  50pm.  The  resolution  of  the  beam  size 
measurement  is  limited  by  the  diffraction  in  this 
monitor[2]. 

The  SR  interferometers  for  horizontal  and  vertical  beam 
size  measurements  were  installed  to  solve  the  problem  of 
the  resolution  those  can  be  measure  down  to  ~5pm  with 
lpm  resolution[3].  The  SR  interferometer  measures  the 
degree  of  complex  spatial  coherence  of  visible-SR  beam. 
Under  the  assumption  of  gaussian  distribution  of  the 
electron  beam  profile,  the  absolute  value  of  the  degree  of 
complex  spatial  coherence(visibility)  is  also  gaussian. 
The  beam  size  is  easily  obtained  by  a  least  squares  fitting 
for  the  visibility  curvature  by  using  a  beam  size  as  the 
free  parameter[3].  In  practical,  the  measurement  is  done 
by  observing  the  visibility  through  the  intensity  of  the 
interferogram.  The  beta  function  and  the  dispersion 
function  were  also  measured  from  the  perturbation  on  the 


quadrupole  magnet  and  the  rf  frequency  modulation 
method,  respectively. 

2  BEAM  SIZE  MEASUREMENT  BY  SR 
INTERFEROMETER 

The  set  up  of  the  SR  interferometer  is  shown  in  Fig.l. 
The  synchrotron  light  is  split  into  four  lines,  l)the  line 
for  the  imaging  system  by  using  a  fast  gate  camera  for 
the  observation  of  the  damping  phenomena,  2)the  line 
for  the  streak  camera  for  measurement  of  the  bunch 
length,  3)the  line  for  horizontal  SR  interferometer,  4)the 
line  for  the  vertical  SR  interferometer. 

The  SR  interferometer  is  basically  a  wavefront-division- 
type  two-beam  interferometer  using  a  polarized  quasi- 
monochromatic  rays.  A  double  slit  assembly  having  a 
aperture  size  of  lmm( width)  x  3mm(height)  which  can  be 
changed  the  separation  of  the  slits.  A  diffraction  limited 
doublet  lens(f=600mm)  is  used  as  a  objective  to  make 
the  interferogam  .  A  band-pass  filter  which  has  80nm 
band  width  at  500nm  and  a  polarization  filter  are  used  to 
obtain  the  polarized  (select  a  o-polarization)  quasi- 
monochromatic  rays.  The  interferogram  is  observed  by 
the  CCD  camera(SONY  SSC-M370)  after  the  magnifier 
lens(x5).  The  visibility  is  evaluated  by  using  an  image 

Double  Slit 


Fig.l  Layout  of  SR  monitor  -  There  is  four  monitor  shared  the 
synchrotron  light,  l)Streak  camera,  2)fast  gate  camera  ,  3)SR 
interferometer(H)  and  4)SR  interferometer(V). 
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processor. 


27tDA.Rf, 

Fig.2  Calculation  of  the  visibility  at  each  beam  size 


2.1  Vertical  Beam  Size  Measurement 


With  the  assumption  of  gaussian  beam  profile,  the 
visibility  y,  as  a  function  of  spatial  frequency  v,  is  given 
by  the  Fourier  transform  of  beam  profile  /,  as  a  function 
of  position  y0,  as  follows; 


7(v)  =  J  /(Jo)  •  exp{-/27rv  •  yQ}dy 


where  R0  is  the  distance  between  the  object  beam  and  the 
double  slit,  X  denotes  the  wave  length  and  D  is  a  slit 
separation.  The  observed  interferogram  is  given  by, 


/(>’■)  = 


sine 


(  2  m  ' 


i+|y(v)| 
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2  kD 
V  hRi 
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where  a  denotes  the  half  of  slit  height  of  the  double  slit, 


Fig. 3  Example  of  the  vertical  interferogram. 
Double  slit  separation  is  35mm. 


SlitSeparation(mm) 

Fig.4  The  result  of  vertical  visibility.  The 
horizontal  axis  is  converted  to  the  slit  separation. 
Dotted  line  denotes  measured  visibility,  and  solid 
line  is  the  best-fit  value  of  14.0um 
R,  denotes  distance  between  the  interferogram  and  the 
back  principle  point  of  objective  lens  of  the 
interferometer,  and  <p  denotes  the  phase  of  the 
interference  fringe. 

To  demonstrate  the  sensitivity  of  the  interferometer,  we 
make  a  simulation  of  the  visibility  curve  in  case  of  the 
beam  size  from  5pm  to  20  pm  by  2.5  pm  step.  The  results 
are  shown  in  Fig.  2.  The  useable  slit  separation  is  limited 
to  40mm  due  to  the  opening  angle  of  the  aperture  of  the 
vacuum  duct  .  In  case  of  5  pm  beam  size,  the  visibility 
reduces  by  6.1%  at  the  slit  separation  40mm.  1pm 
difference  at  the  beam  size  of  5pm  makes  2.8%  difference 
in  the  visibility.  Since  we  can  measure  easily  the  visibility 
better  than  1%,  the  sensitivity  and  the  resolution  of  the  SR 
interferometer  is  sufficient  for  a  small  beam  size 
measurement. 

An  example  of  measured  interferogram  is  shown  in  Fig.3 
and  the  visibility  as  a  function  of  double  slit  separation  is 
shown  in  Fig.  4.  In  this  case,  the  vertical  beam  size  is 
measured  as  14.0pm  by  the  least  squares  fitting. 


2.2  Horizontal  Beam  Size  Measurement 


The  horizontal  visibility  was  measured  in  the  same  way  as 
the  vertical  direction,  except  for  the  double  slit  assembly 
rotated  by  90degrees.  For  horizontal  measurement,  the 
optical  beam  line  of  the  SR  was  switched  by  a  flat  mirror 
manually.  In  the  horizontal  direction,  including  the  effect 
of  the  field  depth,  the  visibility  y  is  given  by, 


v=  , 
r_JJ  /,W+/2W  J[ 


■  p(  1  -  cos(yz))) .  g(y) .  exp  -i x  | dydx 
*3 


.2  nD 


where  g  is  the  angular  distribution  of  the  SR  in  the 
horizontal  plane  as  a  function  of  the  observation  angle  \(/, 
I,  and  I2  are  intensity  of  the  two  modes  of  the  SR  at  the 
double  slit,  /  is  the  beam  profile  distribution,  p  is  the 
bending  radius[3]. 

The  result  of  measured  plot  is  shown  in  Fig.  5.  In  this 
case,  the  horizontal  beam  size  is  measured  36.8  pm  by 
the  least  squares  fitting. 
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Fig.5  The  result  of  horizontal  visibility. 

Dotted  line  denotes  measured  visibility, 
and  solid  line  is  the  best-fit  value  of  36.8 
pm 

3  BETA  FUNCTION  MEASUREMENT 

Because  there  is  no  BPM  at  the  source  point,  the  P- 
function  at  the  SR  source  point  was  obtained  by 
measuring  a  shift  of  the  betatron-tune  during  changing 
the  magnetic  fields  of  three  quadruple  magnets  located  in 
the  upstream  and  the  downstream  of  the  SR  source  point. 
The  betatron  tune  was  measured  by  the  spectrum  of  the 
orbit  oscillation  due  to  injection  error.  The  value  of 
P-function  was  obtained  by  a  fit  of  the  P-function  at  each 
quadruple  magnet.  The  measured  P-function  is  shown  in 


was  also  measured  by  applying  a  perturbation  on  the 
quadrupole  magnets.  The  dispersion  function  was 
measured  by  means  of  rf  frequency  modulation  method. 
Combining  these  measured  values,  we  conclude  the 
emittances  are  as  ex=1.8xlO'9  m-rad,  ey=6.1xl0"  m-rad. 
From  this  conclusion,  the  vertical-horizontal  emittance 
coupling  is  3.4%. 

The  emittance  of  extracted  beam  was  also  measured  by 
wire  scanners  at  the  extraction  line[5].  The  comparison 
of  two  emittance  measurements  are  listed  in  table  1.  The 
result  of  these  two  measurement  is  well  agreed.  The 
emittance  tuning  is  underprogressing  by  using  of  SR 
interferomter. 


Table  1 :  Comparison  of  the  measured  emittance  with  SR 
interferometer  and  with  wire  scanner 


SR 

interferometer 

Wire  Scanner 

Vertical 

6.1+/-2.0  xlO*11 

5.8+/-0.4  xlO  " 

Horizontal 

1.8+/-0.5  xlO'9 

1.5+/-0.2xl0"9 
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Fig.6  P-function  plot  near  the  SR  source  point 
(dotted  line) 

Fig.  6. 
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4  DISPERSION  FUNCTION 
MEASUREMENT 

The  Tl-function  at  the  SR  source  point  is  measured  from 
the  change  of  the  closed  orbit  due  to  change  of  the  rf 
frequency.  The  change  of  the  closed  orbit  is  measured  at 
every  BPM  position.  The  ri-function  at  the  SR  source 
point  is  obtained  by  the  least  squares  fitting.  The 
measured  Tl-function  is  shown  in  Fig.  7.  In  order  to 
reduce  the  vertical  emittace,  the  vertical  dispersion 
correction  software  has  been  developed[4]. 

5  CONCLUSION 

The  beam  size  measurement  was  performed  in  the  ATF 
damping  ring  by  the  use  of  SR  interferometer.  We 
conclude  the  beam  sizes  reached  less  than  14pm(vertical) 
and  37pm(horizontal),  respectively.  The  beta  function 


Fig.  7  T)-function  plot  near  the  SR  source  point 
(dotted  line) 
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Abstract 

The  RHIC  Wall  Current  Monitor  System  will  provide 
data  which  closely  represents  the  longitudinal  profile  of 
bunches  in  the  RHIC  ring.  This  data  will  be  available 
throughout  the  machine  cycle,  from  injection  through 
acceleration,  transition,  transfer  to  storage  RF,  and 
storage.  Information  which  can  be  derived  from  this  data 
includes  fill  pattern,  synchrotron  motion,  longitudinal 
bunch  profile,  beam  spectrum,  and  luminosity.  The 
system  is  similar  to  that  which  has  operated  successfully 
at  the  Fermilab  Tevatron  and  Main  Ring[l,2,3].  The 
detectors[4]  are  broadband  resistive  wall  current  monitors. 
Their  signals  are  sampled  and  digitized  by  a  high-speed 
oscilloscope.  A  Macintosh  computer  running  LabVIEW 
controls  the  scope  via  GPIB,  controls  system  calibration, 
processes  the  data,  and  communicates  to  the  VME-based 
RHIC  Control  System  via  a  PCI/MXI/VME  interface. 

1  INTRODUCTION 

The  Relativistic  Heavy  Ion  Collider  (RHIC)  at 
Brookhaven  National  Laboratory  consists  of  two 
synchrotrons  which  intersect  at  six  points  around  the  3.8 
kilometer  circumference[5].  Ion  beams  from  protons  to 
fully  stripped  gold  will  be  accelerated  and  stored.  The 
baseline  design  has  60  bunches  of  about  10"  charges, 
with  an  anticipated  upgrade  intensity  of  120  bunches  of  2 
x  10u  charges.  RMS  bunch  lengths  will  vary  from  about 
2.5m  for  gold  at  injection  energy  to  7cm  for  protons  at 
full  energy. 

2  SYSTEM  HARDWARE 

System  Hardware  is  shown  in  Figure  1 . 

2. 1  The  Detectors 

Detectors  are  installed  near  the  2  o’clock  Intersection 
Point  in  each  of  the  two  RHIC  rings.  As  shown  in  Figure 
1,  these  detectors  are  fully  integrated  into  the  RHIC 
Control  System.  A  third  stand-alone  detector  has  been 
installed  at  the  4  o’clock  IP,  where  the  signals  from  the 
counter  rotating  bunches  will  cancel.  This  detector  will  be 
useful  for  adjusting  the  collision  point,  especially  during 
commissioning.  Transfer  impedance  of  the  detectors  is  one 
ohm.  Frequency  response  of  this  type  of  detector  is 
typically  flat  within  3dB  from  a  few  KHz  to  6GHz.  The 

’Work  supported  in  part  by  the  US  Department  of  Energy. 

"Email:  cameron@bnl.gov 


detectors  at  the  2  o’clock  IP  are  installed  with  microwave 
absorbing  material  on  either  side  of  the  detector,  to  absorb 
energy  propagating  down  the  7cm  beampipe  above  cutoff 
(2.5GHz  and  3.3GHz  for  the  lowest  TE  and  TM  modes). 
Signals  travel  about  70m  over  low-loss  7/8  inch  heliax 
cable  from  the  detectors  to  the  digitizer  in  the 
Instrumentation  Control  Room. 

2.2  Data  Acquisition 

Data  is  acquired  by  a  LeCroy  Model  584AL  Digital 
Storage  Oscilloscope  controlled  via  GPIB  by  a  Macintosh 
G3  computer  running  LabVIEW.  The  scope  specifications 
include  analog  bandwidth  of  1GHz,  maximum  sample  rate 
of  8GS/sec,  maximum  retrigger  rate  in  segmented  mode  of 
30KHz,  data  transfer  rates  of  several  hundred  KB/s  through 
GPIB,  and  8MB  of  waveform  memory.  This  digitizer  is 
the  only  one  currently  available  which  meets  all 
requirements  for  our  WCM  system.  In  addition  to  the 
detector  signals,  the  scope  also  digitizes  the  RF  bucket 
clock  for  each  ring,  permitting  the  observation  of 
synchrotron  oscillations. 

2.3  Interface  to  the  Control  System 

Communication  between  the  Macintosh  and  the  VME- 
based  Control  System[6]  is  accomplished  by  a  National 
Instruments  PCI/MXI/VME  interface.  This  interface 
provides  32MB  of  shared  memory  in  VME,  which  is  read 
and  written  to  by  both  the  Macintosh  and  the  VME-based 
Front  End  Computer  (FEC).  Scope  triggering  is 
accomplished  by  a  VME-based  Beam  Synchronous  Trigger 
Module[7].  Timestamps  are  generated  by  a  VME-based 
Utility  Module  and  the  Trigger  Module.  Communication 
with  console  level  computers  is  accomplished  via  100 
Mbit/s  Ethernet. 


3  SYSTEM  SOFTWARE 

System  Software  resides  in  the  locations  shown  in  Figure 

1. 

3.1  The  Application 

Application  programs  running  on  Console  Level 
Computers  are  the  Control  System's  interface  between  the 
users  (typically  operators  and  accelerator  physicists)  and 
programs  called  Accelerator  Device  Objects  (ADOs)  which 
run  in  the  FECs.  The  WCM  user  interface  includes  fields 
for  setting  data  acquisition  parameters  and  a  graphic 
display  to  present  the  monitored  profile  data  and  bunch  fill 
patterns.  The  application  will  be  integrated  with  a  logging 
system  and  will  include  an  option  for  tomographic 
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Figure  1 :  System  Block  Diagram 


reconstruction  of  the  longitudinal  phase  space  using  the 
TOMO  package  developed  at  CERN[8], 

3.2  The  ADO 

ADOs  are  the  Control  System's  interface  to  all  accelerator 
equipment  in  RHIC.  Application  programs  communicate 
with  ADOs  running  in  FECs.  The  FECs  are  VME  based 
Power  PC  processors  using  the  vxWorks  real-time 
operating  system.  Data  is  transferred  over  100  Mbit/s 
Ethernet  using  TCP/IP  and  RPC  protocols. 

The  ADOs  for  the  two  WCMs  (one  for  each  of  the 
two  counter-rotating  rings)  communicate  with  the  WCM 
computer  through  shared  VME  memory.  The  memory  is 
divided  equally  for  the  two  ADOs.  The  memory  for  each 
ADO  is  partitioned  into  four  blocks  -  command,  status, 
data  control,  and  data  blocks.  The  data  blocks  are  circular 
buffers.  Commands  are  sent  to  the  WCM  computer 
which  in  turn  responds  with  status  information.  The  data 
control  block  is  used  to  define  the  dynamically  allocated 
circular  data  buffers  and  to  control  writing  by  the  WCM 
computer  and  reading  by  the  ADO.  Semaphores  are  used 
in  all  blocks  to  synchronize  and  prevent  race  conditions 
when  the  two  computers  access  memory. 

ADO  parameters  allow  application  programs  to  define 
the  type  of  acquisition  -  sample  rate,  profile  length, 
number  of  profiles,  scope  scale  and  offset,  and  trigger 
requirements.  Beam-synch  clock  event  decoder  modules  for 
each  ring  are  set  up  by  the  ADO  to  provide  triggers  to  the 
WCM  scope.  Timestamps  associated  with  each 


acquisition  are  provided  by  the  ADO  to  aid  data  correlation 
with  other  accelerator  events.  Data  is  transferred  to 
applications  from  the  ADO  either  on  demand  or 
automatically  when  an  acquisition  is  complete. 

3.3  The  LabVIEW  Program 

The  possibility  of  controlling  the  scope  in  C++  directly 
from  the  ADO  was  considered  and  rejected  based  upon  the 
need  for  calibration  and  the  availability  of  existing 
calibration,  instrument  control,  and  analysis  software. 

Calibration  of  bunch  intensities  and  width  is  based 
upon  the  system  frequency  response  and  the  beam 
spectrum.  The  frequency  response  of  the  detector,  cabling 
and  connectors,  and  oscilloscope  signal  path  is  measured. 
The  detector  can  be  readily  measured  only  before  tunnel 
installation.  The  rest  of  the  path  can  be  measured 
periodically  with  a  calibrated  signal  generator  at  relevant 
frequencies  and  gains,  resulting  in  a  transfer  function  with 
two  dimensions,  frequency  and  gain.  An  off-line 
simulation  program  then  transmits  an  ideal  gaussian 
representing  beam  through  this  transfer  function  to 
generate  the  intensity  and  width  calibration  factors. 

There  are  instances  where  local  processing  of  data  either 
in  the  scope  or  in  LabVIEW  before  transfer  to  the  Control 
System  is  advantageous.  Bunch  fill  patterns  require  only 
that  a  single  number,  the  intensity  of  each  bunch,  be  made 
available  in  the  control  room.  Powerful  scope-based 
timing  and  jitter  analysis  (which  might  ease  analysis  of 
synchrotron  oscillations)  is  available,  as  are  frequency 
domain  transforms.  LabVIEW  has  an  extensive  suite  of 
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well-developed  data  analysis  software.  The  balance 
between  local  and  console  level  analysis  is  evolving. 

3.4  Acquisition  Modes 

A  variety  of  acquisition  modes  are  necessary  for  RHIC 
acceleration  and  storage.  Some  of  those  which  we  intend 
to  have  available  for  day  one  operations  are  shown  in  the 
following  table.  With  the  RHIC  78KHz  revolution 
frequency  and  the  30KHz  maximum  scope  retrigger  rate, 
the  value  for  N  in  the  table  below  must  be  3  or  greater. 


Table  1:  Acquisition  Modes 


lVlode 

No.  of 
Samples 

Sample 

Length 

[KB] 

Record 

Length 

[KB] 

Injection  -  digitize 
continuously  for 

sample  length 

l 

200 

typically 

200 

Multi-turn  -  digitize  1 
turn  every  N  turns 

N 

20 

20*N 

Multi-bunch  -  digitize 

1  bunch  every  N  turns 

N 

0.1 

0.1*N 

4  OTHER  POSSIBILITIES 

The  existence  of  a  flexible  and  powerful  data  acquisition 
system  at  the  commissioning  of  a  new  and  unique 
machine  opens  new  opportunities. 

The  unprecedented  combination  of  beam  current 
and  particle  charge  present  with  gold  beams  in  RHIC 
opens  the  possibility  of  broadband  observation  of  the 
longitudinal  Schottky  signal.  To  the  best  of  our 
knowledge,  all  previous  observations  of  the  Schottky 
signal  have  been  with  resonant  detectors.  A  broadband 
Schottky  monitor  would  be  an  excellent  diagnostic  for  the 
mysterious  ‘micro-coherent’  signal  which  has  been  seen  at 
all  other  high  energy  accelerators^],  and  which  has 
frustrated  efforts  to  implement  stochastic  cooling.  With 
high  pass  filtering  and  perhaps  some  pre-amplification, 
the  WCM  system  might  provide  broadband  Schottky 
spectra. 

Similarly,  by  utilizing  a  detector  sensitive  to 
transverse  position,  broadband  observation  of  the 
transverse  Schottky  signal  might  be  possible,  perhaps 
with  the  data  acquisition  being  the  same.  These  broadband 
spectra  might  provide  useful  information  about 
chromaticity.  Such  a  system  might  also  be  useful  for 
chromaticity  measurements  by  observing  the  coherent 
betatron  tune  shift  between  the  head  and  tail  of  the 
bunch[10]. 
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5  CONCLUSIONS 

Detectors  have  been  fabricated  and  installed.  A  flexible  and 
powerful  data  acquisition  system  has  been  assembled,  and 
integration  has  been  demonstrated  from  the  scope  through 
to  the  console  level  application.  We  await  beam  with 
eagerness  and  enthusiasm. 
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OPTICAL  DIAGNOSTICS  ON  ETA  II  FOR  X-RAY  SPOT  SIZE* 

R.  A.  Richardson,  LLNL 


Abstract 

Gated  and  streak  cameras  have  been  used  to  look  at  a  high 
current  focused  electron  beam  on  a  target,  and  the  x-rays 
produced  by  that  interaction.  An  optical  camera  images  the 
optical  transition  radiation  (OTR)  from  the  beam  hitting  a 
carbon  target  to  give  focused  beam  profiles.  Blackbody 
radiation  from  heavy  metal  targets  is  experimentally 
proven  to  be  dominant.  The  roll  bar  technique  is  used  as  a 
thick  knife  edge  to  ‘image’  the  x-ray  spot  produced  by  the 
beam-target  interaction.  The  x-ray  shadow  is  converted  to 
visible  photons  using  a  scintillator  and  imaged  using  a 
gated  optical  camera.  The  scintillator  thickness  places  a 
limit  on  the  resolution  of  the  diagnostic.  Data  will  be 
presented  from  these  techniques  and  compared  to  an  x-ray 
pinhole  camera. 

1  INTRODUCTION 

This  diagnostic  is  used  to  measure  the  spot  size  of  an  x- 
ray  source.  A  bar  that  is  optically  thick  to  x-rays  is  used 
to  shadow  the  source,  acting  as  a  knife  edge.  This 
produces  a  shadow  that  is  effectively  the  integral  of  the  x- 
ray  profile.  We  assume  that  the  profile  here  is  Gaussian  in 
shape.  The  profiles  are  fitted  to  an  erfc  function,  which  is 
the  integral  of  a  Gaussian.  The  Gaussian  assumption  is 
verified  using  other  diagnostics  such  as  a  x-ray  pinhole 
camera. 

The  shadowed  x-rays  are  then  converted  to  visible  photons 
for  imaging  using  commercial  cameras.  The  image  is 
corrected  for  flat  field  using  an  image  taken  without  the 
rollbar  present.  The  image  is  averaged  in  the  dimension 
orthogonal  to  the  rollbar  edge  to  increase  photon 
statistics. 

The  full-width  half  maximum  (FWHM)  of  the  Gaussian 
(from  the  fitted  erfc  function),  corrected  for  magnification, 
is  reported  as  the  spot  size.  The  magnification  of  the 
rollbar  is  simply  the  distance  from  the  rollbar  to  the  x-ray 
image  converter  (scintillator)  divided  by  the  distance  from 
the  x-ray  source  to  the  rollbar  (Fig.  3). 

Limitations  of  this  diagnostic  are  the  blurring  effects 
due  to  the  finite  thickness  of  the  image  converter.  This 
can  be  reduced  by  increasing  the  magnification,  but  at  a 
cost  of  reduced  x-ray  flux.  The  photon  conversion 
efficiency  is  low,  so  that  detection  is  marginal  for  short 
gate  widths  and  large  magnification. 


*This  work  was  performed  under  the  auspices  of  the  U.S. 
Department  of  Energy  by  the  Lawrence  Livermore 
National  Laboratory  under  Contract  No.W-7405-Eng-48. 


The  ultimate  limiting  resolution  of  the  roll  bar  is  set  by 
the  finite  radius  of  the  roll  bar.  While  a  flat  surface  would 
provide  an  ideal  knife  edge,  a  small  misalignment  of  this 
edge  degrades  the  resolution  rapidly.  This  effect  is  reduced 
if  the  edge  is  a  cylinder,  Fig.  1.  The  resolution  is 
calculated  by  assuming  a  photon  takes  a  straight  line 
geometric  path  from  an  ideal  point  source  and  is  attenuated 
by  the  roll  bar  exponentially,  I=I0*exp(-px)  ,where  x  is 
the  amount  of  high  density  material  that  the  x-ray  photon 
passes  through,  and  p  is  the  5.5  MeV  extinction 
coefficient,  taken  as  81  m'1  for  tungsten.  This  ignores  any 
scattering  effects  and  is  only  an  lower  limit  calculation  for 
the  resolution.  For  the  parameters  in  this  paper,  this 
calculation  gives  a  limiting  resolution  of  0.09  mm, 
calculated  from  the  FFT  of  the  intensity  plot  in  Fig.  2. 


Figure  1 :  The  ultimate  resolution  of  the  rollbar  versus  the 
alignment  angle,  the  parallelism  to  the  source.  R  is  the 
rollbar  cylinder  radius. 


theta,  mrad 

Figure  2:  The  calculated  effect  of  a  rollbar  with  radius  of 
1  m  and  alignment  error  of  1°.  Theta  is  the  angle  of  a 
photon  from  a  point  source. 
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2  EXPERIMENTAL  SETUP 

This  diagnostic  is  used  to  measure  the  x-ray  spot  on  the 
ETA  II  linear  electron  accelerator.  The  machine  parameters 
are  5.5  MeV  energy,  2  kA  current,  50  ns  pulse  width.  X- 
rays  are  created  when  the  beam  is  focused  on  a  (typically) 
0.005”  Tantalum  target.  The  diagnostic  setup  (Fig.  3) 
consists  of  a  heavymet  (mostly  Tungsten)  rollbar,  which 
is  a  8x8x3  cm  block  with  a  1  meter  radius  machined  on 
one  face.  This  bar  is  located  a  distance  108  cm  from  the 
target  (x-ray  source).  Between  the  target  and  the  rollbar  is 
a  0.060”  aluminum  vacuum  window.  At  a  distance  of  427 
cm  there  is  a  90x90x19  mm  BC-400  scintillator.  The 
magnification  is  therefore  3.95.  We  use  a  0.010”  tantalum 
sheet  in  front  of  the  scintillator  to  convert  the  x-rays  to 
electrons  which  are  detectable  by  the  scintillator.  Black 
cloth  between  the  tantalum  and  scintillator  absorbs 
reflections. 

The  scintillator  is  imaged  using  a  gated  camera.  We  have 
used  a  Cohu  SIT  camera  (10  ns  gate)  and  a  Princeton 
Instruments  CCD  camera  (5  ns  gate).  Both  cameras  use  a 
microchannel  plate  to  intensify  and  gate  the  image. 
Typically  a  short  lead  bar  is  placed  directly  in  front  of  the 
scintillator-Tantalum  stack  orthogonal  to  the  direction  of 
the  rollbar  edge,  partially  blocking  the  x-rays.  This  is 
done  to  provide  an  edge  that  is  representative  of  the 
blurring  introduced  by  the  scintillator  and  camera.  The 
optical  resolution  is  typically  much  less  than  the 
scintillator  blur. 


Magnifcation=  x2/xl 
Figure  3:  Diagnostic  setup. 

3  DATA 

An  example  rollbar  image  is  shown  in  Fig.  4.  This  is  the 
raw  scintillator  image,  uncorrected  for  flat  field.  The 
scintillator  is  imaged  with  the  Princeton  Instruments 
camera  (ICCD-576).  The  5  ns  gate  of  the  camera  is  timed 
to  the  middle  of  the  accelerator  pulse.  The  dark  frame 
around  the  scintillator  is  clearly  visible.  The  rollbar  in 
this  case  is  vertical,  and  an  averaged  lineout  in  the 
horizontal  direction  is  analyzed  to  get  the  spot  size  of  the 
x-ray  source.  The  sharper  horizontal  shadow  in  the  lower 
half  of  the  image  is  due  to  a  0.25  inch  thick  lead  bar 
placed  immediately  in  front  of  the  scintillator.  Lineouts  in 


the  vertical  direction  are  analyzed  to  approximate  the 
blurring  due  to  x-ray  and  electron  scattering  in  the 
scintillator  and  tantalum  backing,  as  well  as  optical 
blurring. 


Figure  4:  Scintillator  image  showing  rollbar  and  edge  blur 
x-ray  shadows. 

A  horizontal  lineout  and  erfc  fit  are  shown  in  Fig.  5. 
This  is  the  raw  data,  uncorrected  for  any  blur.  A  lineout  of 
the  image  in  the  vertical  direction,  which  shows  the 
shadow  from  the  lead  bar  is  shown  in  Fig.  6.  An  erfc  fit 
is  done  on  the  data  to  quantify  the  blur  produced.  As 
expected,  the  fit  is  not  perfect,  but  gives  a  representation 
of  the  spot  size  error,  in  this  case  around  1  mm. 

The  scintillator  blur  can  be  corrected  for  by  deconvolution 
of  the  data  with  the  blur.  This  is  done  using  Fourier 
transforms  of  the  data.  First  the  data  is  smoothed  and 
differentiated.  The  Fourier  transform  of  the  data  is  taken 
and  normalized  to  give  the  modulation  transfer  function 
(MTF).  The  spot  size  can  be  obtained  by  finding  the 
frequency  (f0)  at  which  the  MTF  =  0.5.  The  equivalent 
Gaussian  spot  size  is  then  FWHM  =  0.112/f0.  The 
resulting  transforms  are  shown  in  Fig.  7.  The  spot  size  of 
2.5  mm  when  corrected  for  scintillator  blur  drops  to  1.9 
mm.  Also  plotted  in  Fig  7.  is  the  FFT  of  the  calculated 
rollbar  resolution  limit  of  Fig.  2. 

This  method  of  spot  size  determination  is  more  effected  by 
noise.  Note  there  is  a  slight  difference  in  the  uncorrected 
spot  size  when  determined  by  FFT  or  erfc  fit  to  the  raw 
data  (2.5  versus  2.4  mm). 
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Figure  5:  Rollbar  data  with  erfc  fit.  Magnification=4, 
Gaussian  FWHM  =  2.4  mm. 


Figure  6:  Scintillator  blur  with  erfc  fit.  The  equivalent 
spot  size  is  0.97  mm. 


Figure  7:  Fourier  transforms  of  image  lineouts,  with 
corrected  data. 


4  RESULTS 

The  rollbar  diagnostic  is  useful  for  final  tuning  of  the 
accelerator.  The  image  data  is  recorded  real  time 
electronically.  The  lineouts  and  fit  can  be  done  in  a 
manner  of  minutes,  and  a  tuning  curve  can  be  generated 
rapidly,  Fig.  8. 

The  rollbar  diagnostic  is  compared  with  data  from  a  x-ray 
pinhole  camera  in  Fig.  9.  The  scintillator  blur  for  this 
data  set  limited  the  resolution  of  the  rollbar  to  about  2 
mm. 


Focus  Magnet ,  Amp 


Figure  8:  X-ray  spot  size  (FWHM)  tuning  curve. 
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Figure  9:  Rollbar  calculated  spot  size  and  spot  size 
calculated  from  the  x-ray  pinhole  camera. 
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A  COMPACT  RESIDUAL  GAS  IONIZATION  PROFILE  MONITOR 

(RGIPM)  SYSTEM* 

W.  C.  Sellvev  and  J.  D.  Gilpatrick,  Los  Alamos  National  Laboratory,  Los  Alamos,  NM 


Abstract 

The  Accelerator  Production  of  Tritium  (APT)  and 
Spallation  Neutron  Source  (SNS)  accelerators  will 
produce  high  power  density  beams,  which  cannot  be 
observed  using  conventional  intercepting  beam  profile 
devices.  The  beam  produces  electrons  when  it  ionizes 
the  residual  gas  in  the  beam  tube.  These  electrons,  when 
accelerated  by  a  uniform  electric  field  and  guided  by 
uniform  parallel  magnetic  field,  produce  a  projected 
image  of  the  beam  on  a  detector  perpendicular  to  the 
fields.  A  particle  tracking  program  shows  that  this  can  be 
done  with  a  resolution  better  than  the  needed  100  pm. 
There  are  typically  no  dipoles  available  in  these 
accelerators  to  produce  the  needed  magnetic  field.  Triple 
dipole  systems  are  being  designed  which  will  give  no  net 
trajectory  change  to  the  beam,  but  will  produce  the 
needed  field  for  the  diagnostic.  Although  the  field  is  not 
completely  uniform  in  tHe  electron  collection  region, 
particle  tracking  calculations  show  that  the  resolution  is 
not  seriously  degraded  relative  to  a  uniform  field. 
Several  ways  of  viewing  the  beam  profile  are  considered. 
Radiation  resistant  and  hardened  materials  needed  for 
this  are  discussed  . 

1  INTRODUCTION 

RGIPM  has  been  implemented  by  detecting  either  the 
positive  ions  or  the  electrons  that  result  from  the  beam 
ionizing  the  residual  gas  in  the  beam  tube.  Here  we  will 
consider  only  electrons.  This  paper  will  discuss  design 
considerations  for  the  space  restricted,  high  radiation 
environment  of  a  high  power  linac.  It  will  also  discuss 
various  ways  of  imaging  the  profile  information 
contained  in  the  electrons  coming  from  the  ionized 
residual  gas.  These  RGIPM  are  intended  to  observe  200 
to  1700  MeV  proton  or  H-  beams,  with  cw  current  up  to 
100  mA.  The  beam  profiles  will  be  non-Gaussian  with 
dimensions  down  to  0.8  mm  rms. 

2  RESOLUTION  LIMIT  OF  RGIPM 
METHOD 

One  method  of  implementing  RGIPM  is  to  use  a  strong 
magnetic  field  so  that  the  resolution  is  determined  by  the 
Larmor  radius  of  the  electron.  This  will  be  one  of  the 
ways  investigated  here.  A  second  method  is  to  take 
advantage  of  the  fact  that  the  Larmor  period  of  non- 
relativistic  electrons  depends  only  on  the  magnetic  field 
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strength.  In  this  case  all  electrons  can  be  made  to  go 
through  nearly  one  complete  orbit  in  the  magnetic  field 
and  the  resolution  can  be  much  smaller  than  the  Larmor 
radius  [1],  Thus  lower  magnetic  fields  can  be  used.  A 
Monte  Carlo  particle  tracking  code  was  used  to 
investigate  the  achievable  resolution  [2].  It  takes  into 
account  the  beam  space  charge  and  the  distribution  of 
the  initial  electron  velocities.  A  minor  modification  of 
the  program  enabled  the  calculation  of  the  delta  function 
response  (particle  distribution  at  the  detector  for 
electrons  coming  from  a  plane  parallel  to  a  plane  defined 
by  the  beam  direction  and  the  magnetic  field.)  From  this 
the  resolution  can  be  calculated. 


Figure  1.  rms  Resolution  For  Two  B  Reids 


Figure  1  shows  the  calculated  rms  delta  function 
response  for  a  gap  of  54  cm  and  a  gap  voltage  range  of  4 
to  9.5  kV.  Two  curves  are  for  a  B-field  of  229  gauss,  and 
two  are  for  800  gauss.  Within  each  pair,  one  is  for  the 
beam  centerd  on  the  beam  tube,  and  the  second  is  with 
the  beam  displaced  3  mm  towards  the  detector  (beam 
width  =  1  mm  rms).  This  illustrates  the  main  features  of 
the  two  ways  of  generating  the  beam  profile  at  the 
electron  detector.  With  the  800  gauss  field,  the 
resolution  is  independent  of  beam  position  and  electric 
field  and  is  expected  to  vary  in  proportionally  to  the 
magnetic  field.  In  the  229  gauss  case,  the  needed  field  is 
much  lower  but  the  resolution  depends  strongly  on  the 
fields  and  beam  position.  In  practice,  the  magnetic  fields 
will  not  be  uniform  because  short  dipoles  will  be  used. 

3  MAGNET  DESIGN 

Triple  dipoles  are  being  designed  using  a  commercial 
finite  element  code  (Vector  Fields,  TOSCA).  Both  coil 
and  permanent  magnet  driven  designs  are  being 
investigated.  Figure  2  shows  one  quadrant  of  a 
permanent  magnet  design  for  a  16  cm  beam  tube.  The 
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beam  moves  in  the  z  direction  and  the  ionization 
electrons  drift  in  the  y  direction.  The  center  of  the 
magnet,  marked  by  +,  is  4  cm  above  the  beam  tube 
center  (origin).  The  magnet  extends  +/-24  cm  in  the  x 
direction.  Figure  3  shows  By  along  the  y  axis,  and  this  is 
near  where  most  of  the  observed  electrons  will  be 
moving.  It  also  shows  By  along  a  line  parallel  to  the  z- 
axis  through  the  center  of  the  magnet. 

4  RADIATION  FIELDS 

A  major  challenge  will  be  to  use  imaging  devices  which 
can  survive  the  expected  high  radiation  levels.  Assuming 
that  the  average  beam  loss  is  0.1  nA/m,  the  expected 
dose  rate  at  1  m  from  the  beam  line  at  1 . 1  GeV  will  be 
20  rad/h  [3],  Beam  line  component  activation 
calculations  indicate  that  for  the  safety  of  personnel 
working  on  the  beam  line,  dose  rates  will  need  to  stay 
well  below  this  level.  Beam  loss  rates  in  LANSCE 
between  300  MeV  and  800  MeV  were  measured  to 
average  about  0.2  nA/m  [4]. 
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Figure  2.  One  quadrant  of  a  triple  dipole  using 
permanent  magnet  (PM).  The  arrow  points  in  the 
magnetisation  (M)  direction  in  the  iron. 


Distance  from  origin  in  cm 
Figure  3.  By  along  the  y-axis  and  parallel  to 

the  z  axis  passing  through  the  magnet 
center. 

These  losses  were  deemed  excessive  and  would  be  too 
high  for  SNS  and  APT.  Thus  a  maximum  average  of  20 
rad/h  at  lm  will  be  assumed  in  this  paper.  This  translates 


into  0.175  Mrad/year  at  lm  and  7  Mrad/year  at  2.5  cm 
from  the  beam. 

5  RADIATION  RESISTANT  AND 
HARDENED  ITEMS 

Some  of  the  radiation  resistant  materials  and  components 
under  consideration  for  use  are  listed  below: 

Measurements  have  been  made  on  the  light  attenuation 
caused  by  radiation  damage  to  sapphire[5].  An  initial 
darkening  will  happen  in  75  hours  under  nominal 
operating  conditions  (assuming  10  krad/h  y’s).  No  further 
darkening  due  to  y’s  will  occur.  It  will  take  about  4»104 
years  for  neutrons  to  cause  a  50%  light  attenuation  in  a  1 
cm  thick  sapphire  2.5  cm  from  the  beam. 

High  OH  content  silica  fibers  lm  long  will  take  70 
years  to  reduce  transmission  by  37%  in  the  visible 
spectrum  [6]. 

Cerium  activated  Yttrium  Aluminum  garnet  (YAG:Ce) 
is  a  linear  scintillator  which  has  been  measured  to  half 
its  light  output  in  10000  h  with  a  10  keV  electron  beam 
of  current  density  71  nA/cm2  [7].  Light  output  is  about 
18  photons/keV  [8],  Resolution  and  electron  depth 
penetration  is  20  microns  at  100  keV  [9].  Thus  at  5  keV 
these  would  be  about  5  microns.  It  has  been  found  that 
0.2  mC  of  15  MeV  5  mm  diameter  electron  beam  on  1 
mm  thick  YAG  produced  no  visible  darkening  [10]. 
From  this  one  can  estimate  that  it  would  take  >40  Mrad 
to  cause  a  50%  reduction  in  light  transmission  of  a  0.1 
mm  thick  piece  of  YAG. 

Micro  Channel  Plates  (MCP)  have  been  exposed  to  1 
Mrad  of  Co-60  y’s  with  no  degradation  in  performance 
[11],  Thus  one  can  estimate  that  MCP’s  will  be  useable 
with  total  dose  >10  Mrad.  Gains  of  several  1000  can  be 
obtained  with  one  MCP  and  over  10s  with  stacks  of 
MCP’s.  Output  currents  for  conventional  25  mm  MCP  is 
around  2  pA.  Advanced  devices  can  output  20  pA  and 
have  a  life  of  40  C/cm2. 

Channeltrons  are  electron  multiplying  tubes  about  100 
p.m  across.  They  are  made  of  the  same  material  and  in  a 
similar  fashion  as  MCP’s  and  thus  the  radiation  related 
life  times  are  expected  to  be  similar.  Gains  are  up  to  10* 
and  output  currents  up  to  5  pA. 

Resistive  position  sensing  element  are  made  by 
depositing  a  roughly  rectangular,  uniform  thickness, 
resistive  surface  on  alumina.  The  effect  of  accumulated 
dose  on  this  element  is  expected  to  be  unimportant. 

A  radiation  hardened  CID  camera  manufactured  by 
CIDTEC  is  specified  as  operating  to  1  Mrad  without 
change  in  performance.  It  is  a  standard  RS-170  camera. 
Noise  is  about  1400  electrons  per  pixel  per  frame. 

Xybion  has  combined  an  intensifier  with  the  CIDTEC 
camera.  The  intensifier  resolution  is  better  than  88  pm 
FWHM.  One  photo  electron  produces  2«105  photons  at 
the  intensifier  output.  There  is  a  reduction  of  1 .46  by  the 
fiber  coupling  and  the  quantum  efficiency  of  the  CID  is 
about  20%.  For  the  integrated  count  over  all  light 
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receiving  pixels  S/N=5.  This  may  allow  the  observation 
of  a  single  photo  electron  generated  at  the  photo  cathode 
and  the  determination  of  its  impact  point.  For  high 
radiation  use,  the  photo  cathode  and  phosphor  substrates 
and  fiber  coupling  may  need  to  be  high  OH  silica. 

Radiation  hardened  charge  sensitive  pre  amplifiers  that 
can  withstand  >100  krad  are  available.  For  these  to 
survive  several  years,  the  radiation  will  be  attenuated  to 
5  krad  per  year  by  placing  them  2m  away,  lm  into  the 
accelerator  concrete  shielding  [12].  A  possible  choice  for 
this  amplifier  is  the  Amptek  A225  which  is  rated  at  100 
krad.  Noise  (rms)  will  be  1600  electrons  with  3  m  of 
cable  on  the  input.  Typical  easily  achievable  count  rates 
are  105/s. 

6  IMAGING  SYSTEMS 

Some  candidates  for  imaging  the  electron  current  from 
the  beam  and  associated  considerations  are: 

The  electrons  hit  a  0.1  mm  thick  YAG  crystal,  and 
form  an  image  viewed  by  an  intensified  camera  about  1 
m  away.  At  a  pressure  of  10'6  torr,  a  1  GeV,  1  mm  rms, 
100  ma  proton  beam,  will  cause  a  YAG  crystal  to  loos 
10%  of  its  light  output  in  6  years.  The  view  port  would 
probably  be  sapphire.  At  10  s  torr,  1  mA  beam  will 
produce  5»107  photons/(s«cm).  Assuming  50% 
transmission,  a  2  in  lens  1  m  from  the  YAG  would 
produce  4000  photons/(s»cm)  on  the  intensifier. 
Assuming  20%  quantum  efficiency  this  would  result  in 
800  events  per  second  on  the  CID.  Thus  a  good  profile 
could  be  obtained  in  1  to  10  seconds.  Alternately,  if  the 
2  in  lens  has  a  magnification  of  0.5  and  the  beam  rms 
width  is  1  mm,  the  summed  S/N  for  1  cm  of  beam  when 
imaged  on  the  CID  for  one  second  will  be  about  80.  The 
error  in  a  Gaussian  width  would  be  5%.  Achromatic 
lenses  made  from  sapphire  and  fused  quarts  or 
Cassegrain  optics  would  be  used  to  generate  an  image  on 
the  intensifier.  Light  collection  efficiency  5  times  larger 
than  assumed  here  is  probably  achievable.  The  life  of  the 
system  should  be  5  years  or  greater. 

A  stack  of  three  1 8  mm  MCP’s  would  be  places  about 
2.5  cm  from  the  beam.  The  MCP  output  for  each 
electron  strike  would  land  on  a  resistive  sheet.  Four 
outputs  at  the  corners  of  the  sheet  would  be  amplified  by 
radiation  shielded  charge  sensitive  amplifiers.  Each 
output  would  produce  about  2.5»106  electrons.  The 
amplifier  noise  of  1600  electrons  will  be  unimportant 
compared  to  the  error  caused  by  fluctuations  in  gain  of 
MCP  channels.  The  signals  would  be  digitised  and 
positions  calculated  with  70  |im  rms  accuracy.  This 
system  would  be  purchased  from  a  vendor.  At  a  pressure 
of  10'10  torr  (N,)  the  peak  electron  flux  for  a  1  mm  rms 
100  mA  proton  beam  is  estimated  to  be  4»106/(s»cm2). 
To  reduce  the  count  rate  to  10000/s  a  mask  with  a  100 
pm  slot  will  be  placed  in  front  of  the  MCP.  The  peak 
electron  flux  that  a  conventional  MCP  can  handle  in  this 
type  of  position  measuring  device  has  been  measured  as 


107/(s»cm2)  [13].  An  advanced  MCP  may  be  able  to 
handle  ten  times  this  rate.  Thus  an  important 
consideration  for  this  system  will  be  the  pressure  in  the 
beam  line  and  a  vacuum  pump  will  probably  need  to  be 
part  of  the  system.  Radiation  damage  may  limit  the  life 
of  this  detector  to  a  couple  of  years. 

A  Channeltron  would  be  mechanically  moved  across 
the  e-beam.  It  would  have  a  mask  cut  with  a  100  pm  by 
300  pm  slot  in  front  of  it.  A  charge  sensitive  amplifier 
would  be  remotely  placed  and  shielded  and  electrons 
would  be  individually  counted.  The  Channeltron  can 
handle  MHz  count  rates  and  thus  the  count  rate  will  be 
limited  by  the  charge  sensitive  amplifier.  At  10'°  torr  the 
count  rate  would  be  about  1.2  kHz.  Radiation  damage 
may  limit  the  life  of  this  system  to  a  couple  of  years.  The 
mechanical  drive  and  radiation  hard  position  sensing 
system  for  this  unit  will  need  to  be  a  couple  of  feet  from 
the  Channeltron,  outside  the  magnetic  field. 

A  100  pm  optical  fiber  (silica  or  sapphire)  would 
conduct  light  from  a  100  pm  diameter,  100  pm  long 
YAG  scintillator  to  a  high  gain  photo  multiplier  tube  a 
couple  of  meters  from  the  beam  tube.  Typically  5 
photons  would  reach  the  photo  multiplier  for  every 
electron  on  the  scintillator. 
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Abstract 

We  investigate  the  application  limit  of  the  SR  interferom¬ 
eter  for  emittance  measurement  at  the  KEK-ATF.  We  need 
to  consider  two  important  problems,  which  are  the  limita¬ 
tion  of  the  availability  of  the  van  Cittert-Zemike  theorem 
and  the  diffraction  effect  due  to  a  narrow  vertical  aperture 
of  the  SR  extraction  line.  The  former  problem  is  analyzed 
with  the  theory  introduced  in  another  paper  [1],  The  lat¬ 
ter  one  is  studied  with  the  numerical  calculation,  where  the 
narrow  aperture  is  assumed  to  be  an  optical  slit  with  an  ade¬ 
quate  vertical  width.  We  show  that  these  problems  must  be 
solved  for  the  accurate  measurement  of  the  electron  emit¬ 
tance,  especially  in  the  vertical  direction. 


1  INTRODUCTION 

A  measurement  of  the  electron  beam  emittance  is  one  of  the 
most  important  theme  for  the  accelerator  physics.  At  the 
KEK-ATF  damping  ring,  several  attempts  are  performed  to 
estimate  the  emittance.  Especially,  the  SR  interferometer 
which  measures  the  spatial  coherence  (visibility)  has  some 
advantages  compared  with  other  methods  [2].  The  elec¬ 
tron  beam  size  can  be  obtained  by  performing  the  Fourier 
transformation  of  the  spatial  coherence,  which  is  called  as 
the  van  Cittert-Zernike  theorem.  However,  it  is  not  trivial 
whether  this  theorem  is  available  for  the  bending  magnet 
radiation.  Recently,  some  conditions  to  judge  whether  this 
theorem  is  available  or  not  for  the  bending  magnet  radiation 
were  derived  by  the  authors  [1].  We  investigate  whether 
these  conditions  are  satisfied  for  the  SR  interferometer  at 
the  ATF  damping  ring. 

We  need  to  consider  another  important  problem,  the  ef¬ 
fect  of  the  narrow  vacuum  chamber  at  the  SR  extraction 
line.  If  the  light  is  cut  by  this  vacuum  chamber,  the  spatial 
coherence  at  the  downstream  changes.  For  an  extreme  ex¬ 
ample,  if  the  width  of  the  vacuum  chamber  is  much  smaller 
than  the  wavelength  of  light,  the  spatial  coherence  at  the 
downstream  is  perfect  for  any  electron  beam  parameters. 
Therefore,  in  order  to  measure  the  electron  beam  size  with 
the  SR  interferometer,  we  must  investigate  how  the  vacuum 
chamber  affects  the  spatial  coherence. 

In  this  paper,  we  investigate  above  two  points  in  detail 
and  judge  whether  the  SR  monitor  is  available  to  measure 
the  electron  beam  size  at  the  ATF  damping  ring. 
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2  AVAILABILITY  OF  THE  VAN 
CITTERT-ZERNIKE  THEOREM 

The  Twiss  parameters  and  dispersion  at  the  position  where 
the  electron  beam  size  is  evaluated,  and  emittance  in  the 
horizontal  and  vertical  directions  are  shown  in  the  Table  1 
[3],  Here,  we  assumed  that  there  is  no  vertical  dispersion 
and  the  coupling  is  1  %.  We  investigate  whether  the  van 
Cittert-Zernike  theorem  is  available  in  the  horizontal  and 
vertical  directions  individually.  The  details  of  derivation  of 
the  conditions  are  shown  in  another  paper  [1], 

Table  1 :  Design  value  of  the  ATF  damping  ring  at  the  point 
where  the  SR  interferometer  is  installed. 


horizontal  ( x ) 

vertical  ( y ) 

a 

0.3590 

-1.1690 

(3  (m) 

0.3796 

2.8435 

7  (1/m) 

2.9739 

0.8323 

V 

0.0491 

0 

i 

-0.1458 

0 

e  (nm  rad) 

1.08 

0.0108 

2.1  Horizontal  direction 

In  the  horizontal  direction,  three  conditions  must  be  satis¬ 
fied  for  the  electron  beam  size  ax  in  order  to  use  the  van 
Cittert-Zernike  theorem,  which  are 


where  L  =  7.04  m  is  the  distance  between  the  light  source 
and  double  slit,  p  =  5.73  m  is  the  bending  radius,  a, 
(3,  7  and  e  are  the  Twiss  parameters  and  emittance  after 
integrating  energy  spread,  respectively.  j3  is  defined  as 
j3  =  (3  —  2 aL  +  L2j.  ap  and  a'p  are  the  beam  size  and 
beam  divergence  of  the  light  at  the  waist  in  the  vertical  di¬ 
rection  which  is  emitted  by  a  single  electron.  aP  is  defined 

as  +  L2a'p2.  For  the  wavelength  A  =  500  nm,  ap  and 
a'p  are  calculated  as  19.4  pm  and  2.06  mrad,  respectively. 

Using  the  parameters  in  Table  1,  we  have  ax  =  34.0  pm. 
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The  conditions  in  (1),  (2)  and  (3)  are  written  as 


0~x 

» 

5.20  x  10-2  /tm, 

O  x 

» 

7.56  x  10-5  /tm, 

<*x 

» 

3.42  x  10-2  /mi, 

respectively.  These  condition  are  well  satisfied  for  the  de¬ 
sign  value  and  the  van  Cittert-Zernike  theorem  is  safely 
used  to  estimate  the  beam  size  in  the  horizontal  direction. 

2.2  Vertical  direction 


the  vertical  direction.  For  this  purpose,  we  suppose  that  the 
narrow  space  is  equivalent  with  the  vertical  entrance  slit 
with  the  width  d,  as  shown  in  Figure  1.  We  put  the  dis¬ 
tance  between  the  light  source  and  the  entrance  slit  to  be 
L\  =  0.56  m  and  the  distance  between  the  entrance  slit 
and  the  double  slit  to  be  L2  =  6.48  m,  respectively. 


As  same  with  the  case  of  the  horizontal  direction,  three 
conditions  are  necessary  in  order  to  use  the  van  Cittert- 
Zernike  theorem,  which  are 


SxCydxdy 


Light  source 

I . 


v  2  kap  y  er^  +  £ypy  ’ 

where  oy  =  5.54  /tm  is  the  electron  beam  size  in  the  vertical 
direction.  There  is  an  extra  condition  on  the  divergence  of 
the  light  beam  under  which  the  light  beam  reaches  at  the 
observer  points  strongly  enough,  which  is 


\ap  j 


where  we  put  the  electron  beam  divergence  as  a'y  = 


As  for  the  conditions  in  (4),  (5)  and  (6),  we  have 


CJy 

> 

1.98  x  10-3  (i m, 

<Jy 

» 

5.25  x  10-3  /im, 

» 

2.41  x  lO-1  fj, m, 

respectively.  Therefore,  these  conditions  are  well  satisfied. 
However,  the  condition  (7)  is  written  as 

ay  >  19.9  n  m, 

which  is  not  satisfied  in  this  case.  This  means  that  the 
whole  curve  of  the  visibility  can  not  be  obtained  due  to 
the  weak  intensity  of  the  light  for  large  slit  separation  and 
the  accurate  measurement  of  the  electron  beam  size  is  very 
difficult  in  the  vertical  direction. 

3  EFFECT  OF  VERTICAL  APERTURE 

Between  the  light  source  and  the  double  slit,  there  is  a  nar¬ 
row  space  of  the  vacuum  chamber  in  the  vertical  direction 
whose  width  is  only  4  ~  5  mm.  It  is  important  to  inves¬ 
tigate  whether  this  narrow  space  affects  the  coherence  in 


Figure  1 :  Transformation  of  the  phase  space  of  light. 

If  we  denote  the  electric  field  on  the  entrance  slit  and 
on  the  double  slit  as  Ei(y)  and  ED(y),  respectively,  the 
correlation  of  the  fields  are  related  with  the  equation 

I'd  (y  i.i/a)  =  J  dyadybT*(ya)T(yb) 

e-ik{ria-r2b) 

r  i{ya,Vb) - ,  (8) 

flar26 

where  the  integration  is  performed  on  the  entrance  slit,  k  is 
the  wave  number  of  light  and 

r<(yi,2/2)  =  {ETMEifa)), 
rc(t/i,2/2)  =  (E*D{y1)ED{y2)), 

ria  =  \Jl 2  +  (l/i  -  3/a)2, 

r2b  =  \Je\  +  (l/2  ~Vb)2- 

T(y)  is  the  transmittance  function  of  the  entrance  slit.  (8)  is 
valid  if  the  wavelength  of  the  light  is  much  smaller  than  the 
entrance  slit.  Intuitively,  (8)  means  that  the  electric  field  on 
the  double  slit  can  be  obtained  by  summing  up  the  spherical 
wave  emitted  by  the  point  sources  on  the  entrance  slit.  The 
spatial  coherence  on  the  double  slit  is  written  as 

-  rD(P/2,-P/2) 

v/f^W2^72jT^FWv^’ 

where  P  is  the  separation  of  the  double  slit. 

In  order  to  calculate  the  spatial  coherence,  the  correla¬ 
tion  of  the  fields  on  the  entrance  slit  is  needed.  This  can 
be  obtained  by  approximating  the  radiation  field  with  the 
Gaussian  beam.  With  this  approximation,  the  brightness 
function  is  represented  analytically.  Since  the  brightness 
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function  B(y ,  <j>)  and  the  correlation  of  the  fields  T(ya,yb) 
are  related  with  the  Fourier  transformation  [4],  r (ya,Vb) 
is  also  obtained  analytically.  Using  this  property,  the  visi¬ 
bility  is  numerically  calculated  if  we  set  the  electron  beam 
parameter  at  the  emitting  point  [5]. 

3.1  Numerical  calculation 

We  calculate  the  visibility  with  the  formula  discussed  in 
the  previous  section.  We  put  ey  =  0.01  nm  rad.  Figures 
2,  3  and  4  are  plots  of  the  numerical  calculations  for  a'p  = 
1.0  mrad,  2.0  mrad  and  3.0  mrad,  respectively.  For  each 
light  divergence,  four  types  of  the  entrance  slits  are  used. 
In  each  figure,  three  curves  are  drawn.  The  curve  with  ’’rel¬ 
ative  intensity”  is  the  plot  of  the  intensity  on  the  double  slit 
normalized  by  that  for  D  =  0.  The  curve  with  ’’without 
slit”  is  the  curve  of  the  spatial  coherence  without  the  en¬ 
trance  slit.  The  curve  with  ”d  mm  slit”,  where  d  =  2,  4,  5 
or  6,  is  the  curve  of  the  spatial  coherence  with  the  d  mm 
entrance  slit.  The  horizontal  axis  represents  the  separation 
of  the  double  slit  D,  and  the  vertical  axis  represents  the 
relative  intensity  or  the  spatial  coherence. 

Although  the  intensity  distribution  on  the  double  slit  is 
Gaussian,  the  behaviors  of  the  relative  intensity  on  the  dou¬ 
ble  slit  are  very  complicated,  especially  for  small  entrance 
slit  and  large  light  divergence.  It  is  due  to  the  diffraction 
effect.  The  vibrations  of  the  spatial  coherence  with  the  en¬ 
trance  slit  are  caused  by  the  Fraunhofer  diffraction.  For  the 
region  where  this  vibration  remarkably  appears,  the  spa¬ 
tial  coherence  with  the  entrance  slit  has  great  discrepancy 
with  that  without  the  entrance  slit.  Fortunately,  this  dis¬ 
crepancy  is  hard  to  observe  since  the  light  intensity  is  ex¬ 
tremely  weak  for  such  region. 

As  we  pointed  out  in  the  previous  section,  it  is  difficult 
to  obtain  the  exact  curve  of  the  coherence  in  the  vertical 
direction,  since  the  intensity  decreases  rapidly  before  the 
coherence  decreases. 


•;  *•  2mm  slit 

3  , 

4mm  slit 

Vi  -—v  v.y.  y  v.^y  -Y.y.y  yyy 

*•  without  slit 

•  relative  intensity 

L 

-§ 

1  — — — — —  -  -  ■  .libiHII  1  i  i k 

\ 

\  without  slit 
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\ 
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Figure  2:  Calculation  for  a'p  =  1.0  mrad. 


4  CONCLUSION 

The  calculation  in  this  paper  shows  that  the  electron  beam 
size  in  the  vertical  and  horizontal  directions  can  be  esti- 


Slit  separation  (mm) 


Slit  separation  (mm) 


Figure  3:  Calculation  for  a'p  =  2.0  mrad. 


Slit  separation  (mm) 


Figure  4:  Calculation  for  a'p  -  3.0  mrad. 


mated  by  using  the  van  Cittert-Zernike  theorem  at  the  ATF 
damping  ring.  There  exists  an  experimental  difficulty  in  the 
vertical  direction  because  of  the  weakness  of  light  inten¬ 
sity.  This  difficulty  will  be  overcome  by  using  the  vertical 
bend  as  mentioned  in  another  paper  [1].  However,  the  ver¬ 
tical  intensity  distribution  on  the  double  slit  might  have  a 
very  complex  form  due  to  the  vacuum  chamber,  which  has 
a  chance  to  improve  the  spatial  coherence.  Therefore,  the 
measurement  of  the  intensity  distribution  on  the  double  slit 
is  significant. 
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Abstract 

A  low  emittance  beam  is  very  important  for  many 
applications,  such  as  short-wavelength  Free-Electron 
Lasers.  A  diagnostic  that  provides  detailed  information  on 
the  density  distribution  of  the  electron  bunch  in  multi¬ 
dimensional  phase-space  is  an  essential  tool  for  obtaining 
small  emittance  at  a  reasonable  charge.  Accurate  phase 
space  reconstruction  and  an  analysis  using  a  transport  line 
with  nine  focusing  magnets  and  techniques  to  control  the 
optical  functions  and  phases  was  demonstrated  in  previous 
publication.  Relatively  long  time  of  measurements 
(approximately  30  minutes)  was  improved  by  installing 
Hall  probes  into  each  quadrupole  magnet.  This  eliminated 
necessity  to  degauss  all  quadrupoles  between  each 
measurement  points.  Additional  phase  control  of  RF 
system  and  driving  laser  should  also  improve  confidence 
in  5  dimensional  phase  space  reconstruction. 

1  INTRODUCTION 

The  determination  of  the  electron  beam  density 
distribution  in  multi-dimensional  phase-space  is 
accomplished  by  the  combination  of  two  techniques:  The 
slice-emittance  measurement,  which  provides  the 
longitudinal  information,  and  transverse  phase-space 
omographic  measurement  that  provides  the  density 
distribution  in  the  four  transverse  dimensions  of  phase 
space.  Measurement  of  a  slice  emittance  has  been 
achieved  and  provided  a  clear  demonstration  of  the  linear 
longitudinal  emittance-compensation  scheme  [1], 
Changing  the  laser  pulse  profile  of  a  photocathode  RF  gun 
has  been  suggested  as  one  way  to  achieve  non-linear 
emittance  compensation  [2].  The  tomographic 
reconstruction  of  the  phase  space  was  suggested  [3]  and 
implemented  [4,5]  using  a  single  quadrupole  scan.  In  the 
present  work  we  give  special  attention  to  the  accuracy  of 
the  phase  space  reconstruction  and  present  an  analysis 
using  a  transport  line  with  nine  focusing  magnets  and 
techniques  to  control  the  optical  functions  and  phases. 
This  high  precision  phase  space  tomography  together  with 
the  ability  to  modify  the  radial  charge  distribution  of  the 
electron  beam  presents  an  opportunity  to  improve  the 
emittance  and  apply  non-linear  radial  emittance 
corrections. 


2  TOMOGRAPHIC  RECOVERY 

Tomography  is  the  technique  of  reconstructing  an  object 
from  its  projections.  In  the  Physics  of  beams  one  can  use 
tomographic  techniques  to  reconstruct  a  beam  density 
distribution  in  phase  space  using  its  projections  in  real 
space.  In  other  words,  the  images  of  a  beam  on  a 
phosphorescent  screen  (taken,  for  example,  by  a  CCD 
camera)  can  be  used  to  derive  the  phase-space  density- 
distribution.  In  order  to  do  that,  we  must  be  able  to  rotate 
the  distribution  in  phase  space  to  generate  independent 
projections  on  the  screen.  Changing  the  beam  transport 
matrix,  using  variable  strength  lenses  does  this. 

In  order  to  establish  the  quality  of  the  tomographic 
recovery  procedure,  a  special  program  based  on  Mathcad 
was  developed.  Some  of  the  issues  studied  were  the 
tolerances  for  angular  and  stretching  errors  in  the  focusing 
channel,  the  required  number  of  measured  projections,  the 
effect  of  smoothening  during  recovery  and  more.  We 
concluded  that  in  order  to  recover  features  that  are  about 
one  tenth  of  the  distribution  size  we  should  measure  32 
evenly  space  projections  and  the  rotation  phase  and 
stretch  errors  should  be  of  the  order  of  10%  or  less. 

3  EXPERIMENTAL  SETUP 

The  schematic  layout  of  the  ATF  acceleration  and 
transport  lines  that  were  used  in  the  slice  emittance 
measurement  and  the  tomographic  reconstruction  is 
presented  in  Figure  1 . 

In  the  naming  convention  of  ATF  elements,  the  first  letter 
designated  a  particular  straight  beam  line  between 
bending  dipoles,  followed  by  letter(s)  designating  the  type 
of  element,  followed  by  a  number,  increasing  along  the 
beam  direction.  Thus  the  H  beam  line  (between  the  linac 
and  the  first  dipole  HD1)  had  quadrupole  lenses  HQ1 
through  HQ9,  pop-up  phosphor  screen  beam  distribution 
monitors  HPOP-UP1  through  HPOP-UP  2,  etc.  The  beam 
is  generated  at  the  photocathode  by  a  10  ps  long  UV  laser 
pulse.  A  linear  emittance  compensation  solenoid  is  located 
right  after  the  RF  gun  controls  the  phase  space  distribution 
of  the  electron  beam.  Two  RF  linac  sections  with 
independent  phase  control  accelerate 
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Figure  1.  Schematic  layout  of  the  ATF  accelerator  system 
components  used  in  the  slice  emittance  measurement  and 
the  tomographic  analysis. 

beam  from  5  MeV  to  approximately  50  MeV.  The  phase 
of  the  second  section  is  controlled  independently  by  a 
motor  controlled  phase  shifter.  The  H  straight  line  with 
nine  quadrupoles  (HQ1  to  HQ9)  was  used  to  generate 
rotations  (phase  advance)  without  a  change  in  the  beam 
size  (constant  optical  functions).  A  beam  profile  monitor 
(BPM5)  was  used  to  measure  the  projection.  The 
tomographic  recovery  procedure  determines  the  phase 
space  distribution  at  HPOP-UP1.  The  high  energy  beam  is 
bent  horizontally  by  a  20  degrees  dipole  magnet  and  a 
small  slice  in  energy  may  be  selected  by  a  variable 
aperture  slit.  Additional  beam  diagnostics,  located 
downstream  of  the  slit  provide  charge  and  profile 
information. 


4  IMPLEMENTATION  OF  THE 
GAUSSMETERS 


Figure  2.  Photo  of  the  DC  gaussmeter. 


DC  gaussmeters  were  installed  into  each  of  the  nine 
quadrupole  magnets  that  we  are  using  to  control  phase 
space  rotation.  This  allows  us  set  quadrupole  current  to 
desired  value  and  measure  actual  gradient  that  effects  the 
beam.  Some  problem  occur  during  tests: 

1 .  Noise  from  pulsed  RF  system  was  limiting  the  magnet 
field  measurement  accuracy.  It  was  resolved  by  using 
rechargeable  batteries  to  power  hall  probe. 

2.  The  measured  quadrupole  field  error  was  so  far  from 
calculated  value  that  the  resulting  tune  was 
unacceptable.  The  two  solutions  were  used  to  address 
this  issue:  partial  (fast)  degaussing  or  second  iteration 
for  current  setting. 

3.  The  magnet  power  supplies  noise  limits  accuracy  of 
phase  control.  This  problem  is  currently  under 
investigation. 

5  MEASUREMENT  PROCEDURE 

The  tomographic  measurement  can  be  broken  into  a  few 
steps  [6], 

1.  The  first  step  of  the  tomographic  analysis  is  a 
measurement  of  the  initial  conditions  of  he  electron  beam 
at  the  linac’s  exit.  The  variation  of  the  beam  size  as  a 
function  of  current  in  the  first  triplet  is  used  to  match  the 
optical  functions  in  two  directions.  In  the  first  step,  the 
graphics  window  shows  the  beam  size  in  the  X  and  Y 
planes  as  a  function  of  the  triplet  current.  One  can  observe 
the  fluctuations  of  the  beam  size  and  get  a  measure  of  the 
stability  of  the  system. 

2.  In  the  second  step,  we  calculate  tunes  for  the  just- 
measured  initial  conditions  of  the  beam.  A  simplex 
method  is  used  to  match  the  required  phase  advance  and 
keep  the  electron-beam  conditions  at  the  end  of  the 
transport  line  nearly  constant.  At  this  stage,  the  graphical 
window  shows  the  variation  of  the  optical  functions  vs. 
position  along  the  transport  line  for  each  selected  value  of 
the  phase  advance. 
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Figure  3.  Tipical  image  of  the  recovered  vertical  phase 
space. 

3.  The  third  step  is  to  measure  the  beam  projections  for 
the  tunes  calculated  in  the  previous  step.  The  graphics 
output  window  shows  the  measured  projections  in  the  X 
and  Y  planes  for  a  particular  tune. 

4.  In  the  last  step  we  reconstruct  the  phase  space 
distribution  from  the  measured  projections.  In  this  step  the 
graphics  window  presents  the  recovered  distribution  in  X- 
X’  and  Y-Y’  phase  spaces. 

The  tomographic  reconstruction  of  transverse  phase  space 
may  be  combined  with  the  measurement  of  a  longitudinal 
slice  [1],  to  produce  the  transverse  phase  space 
distribution  of  a  longitudinal  slice  [5].  This  leads  to  a 
measurement  of  the  5  dimensional  phase  space  density 
distribution  in  (X,  Px,  Y,  Py,  Z).  For  this  purpose  we 


replace  the  quadrupole  scan  emittance  measurement  by  a 
tomographic  analysis  of  the  slice.  Tomographic 
measurements  of  a  slice  may  be  done  at  FPOP-UP2  in  the 
Y-Y’  plane,  or  in  one  of  the  experiment  hall  beam  lines 
downstream  of  another  dipole  (e.g.  FD2),  which  are 
dispersion  free. 

6  CONCLUSION 

As  result  of  implementation  of  hall  probes  the  data 
acquisition  for  phase  space  reconstruction  was  reduced 
from  half  of  a  hour  to  approximately  5  minutes.  It  is 
necessary  to  further  reduce  this  time  to  be  able  reliably 
recover  5  dimensional  phase  space.  Optimisation  of  the 
computer  communication  procedure  can  decrease 
measurement  time  in  our  case  and  will  be  addressed  in 
near  future. 
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Abstract 

We  present  the  simultaneous  measurement  of  beam 
divergence  and  source  size  based  on  the  APS  diagnostic 
undulator  line.  A  3OO-|0.m-thick  Si(400)  crystal 
monochromator  is  used  to  measure  the  divergence  with  a 
resolution  down  to  3  prad  (1  prad  with  the  third 
harmonic).  X-rays  transmitted  through  the  crystal  are 
simultaneously  used  by  a  pinhole  camera  to  measure  the 
beam  size,  at  a  resolution  of  about  40  pm.  We 
demonstrate  that  this  measurement  of  emittance  is  robust 
against  fluctuations  of  lattice  functions  due  to  a  partial 
cancellation  of  systematic  errors  present  in  each  of  the 
measurements. 


1  INTRODUCTION 

Synchrotron  radiation  imaging  is  widely  used  for  the 
measurement  of  beam  size  in  electron/positron  storage 
rings  [1].  With  knowledge  of  lattice  beta  functions,  one 
can  further  deduce  the  particle  beam  emittance  [1-4]. 
Similarly,  undulator  measurement  of  the  beam 
divergence  can  also  be  used  [3].  Since  both  of  these 
approaches  depend  on  accurate  knowledge  of  the  lattice 
functions,  attempts  have  been  made  to  use  pinhole  scan 
or  multi-pinhole  aperture  measurement  with  undulator 
radiation  to  obtain  the  emittance  independent  of  lattice 
functions  [5,6],  To  date  these  methods  still  require  long 
time  for  data  collection  or  analysis. 

In  this  work,  we  present  theory  and  an  experiment  for 
a  new  approach  also  based  on  undulator  radiation.  A 
thin-crystal  monochromator  is  used  to  measure  the  x-ray 
beam  divergence  while  a  x-ray  pinhole  camera  is  used 
downstream  of  the  crystal  to  measure  the  beam  size  at 
the  same  time.  We  will  demonstrate  that  the  combined 
measurement  of  emittance  is  robust  against  fluctuations 
of  lattice  functions  due  to  a  partial  cancellation  of 
systematic  errors  present  in  each  of  the  measurements. 

2  THEORETICAL  BACKGROUND 

The  fully  damped,  stored  electron  beam  can  be  well 
approximated  by  a  Gaussian  distribution  in  the  6- 
dimensional  phase  space  involving  two  transverse 
coordinates  ( x :,  y)  and  angles  (*’,  y’)»  time,  and  energy. 
For  an  undulator  located  in  a  dispersion-free  region,  we 
will  take  a  simplified  picture  where  only  transverse 
components  are  considered  in  Eq.  (1): 
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where  a,  (3,  y  are  Twiss  parameters  and  e  is  the 
emittance.  In  this  paper,  we  will  use  the  center  of  the 
undulator  as  the  origin  of  our  coordinate  system. 


2. 1  Monochromatic  Divergence  Measurement 


A  single  electron  traveling  through  the  center  plane  of 
the  undulator  ( z-0 )  with  transverse  coordinates  (x,  x’,  y, 
y’)  generates  a  radiation  pattern  on  a  downstream 
detector  screen  located  at  z  =  Sm.  The  pattern  centers  on 
the  point  (xm,ym)  =  [x+ Smx' ,y+Smy').  For  energies  at 
or  slightly  above  the  nominal  resonance  of  the  undulator, 
the  distribution  function  can  be  approximated  by  a 
Gaussian-like  function  [7]  with  its  width  given  by 
ff.  =  /  2L  ,  where  L  is  the  undulator  length.  Under 

this  approximation,  the  two  transverse  dimensions  are 
decoupled.  Hence  we  will  treat  them  separately. 
Multiplying  the  Gaussian  response  function  with  the 
distribution  function  of  electrons  in  Eq.  (1),  and 
integrating  over  {x,  x’),  we  get  a  Gaussian-shaped 
horizontal  profile,  with  its  width  given  by 


c  2^.  2 


:(Sm-Z)2<j,2+Sm2om2+axl 


(2) 


Here  the  location  of  the  electron  beam  waist  is  Z=a/y, 
the  width  of  the  beam  waist  is  ax0,  and  the  beam 
divergence  is  ax..  For  Sm-Zx  »  [3,  the  divergence  term 
dominates  in  this  expression,  while  the  beam  size  and 
undulator  cone  angle  are  just  systematic  errors  to  be 
corrected. 


2.2  Pinhole  Camera  Source  Size  Measurement 

If  the  monochromator  crystal  is  thin,  substantial  high- 
energy  x-ray  flux  will  pass  through  it,  enabling  a  pinhole 
camera  to  simultaneously  record  the  source  size.  Again 
we  will  approximate  the  angular  dependence  of  the 
photon  beam  with  a  Gaussian  function  (width  aY).  For  a 
pinhole  located  at  a  distance  S  from  the  undulator  and  S’ 
from  the  detector  screen,  the  geometrical  optical 
approximation  predicts  that  the  image  is  a  Gaussian 
function  with  a  width,  given  in  the  source  plane 
coordinates,  of 


f  2  2  Z2  , 

<Uo  +(7r+JT°r 


x.eff 
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For  a  long  undulator  (cY  «  ax)  and  a  centered  beam 
waist  (Z  =  0),  Eq.  (3)  predicts  that  the  measured  effective 
size  is  smaller  than  the  actual  beam,  due  to  the  high 
collimation  of  the  undulator  beams.  While  the  electrons’ 
angular  distribution  is  independent  of  their  positions  at 
the  beam  waist,  the  farther  off-axis  the  electrons,  the 
fewer  photons  they  generate  will  pass  through  the 
pinhole.  This  results  in  a  systematic  error  of  a  smaller 
measured  effective  source  size,  as  pointed  out  previously 
[2,3,5].  This  expression,  based  on  simple  geometrical 
optics  models,  applies  only  to  the  horizontal  direction, 
where  the  beam  size  is  much  larger  than  the  width  of  the 
camera  point-spread-function  (PSF). 

2.3  Horizontal  Beam  Emittance 


The  expressions  for  effective  divergence  and  beam  size 
both  show  strong  dependence  on  p  functions,  as  well  as 
the  location  of  the  beam  waist,  thus  making  them 
susceptible  to  magnetic  lattice  fluctuations.  The  product 
of  these  two  numbers,  however,  is  less  dependent  on 
them, 


Ptt  +  {S,n  -Z)1  +Sm2 

f, ,  f*\ ) 

p  02+{s-zf+s2^- 

(4) 


where  p0  is  the  p  function  value  at  the  beam  waist. 

(1)  When  the  pinhole  camera  and  the  divergence 
measurement  are  using  x-rays  of  the  same  energy,  we 
may  choose  the  location  of  monochromator  and  x-ray 
slits  to  be  at  the  same  distance  from  the  undulator, 
Sm  =  S  .  Equation  (4)  can  be  further  simplified  to 


with  a  small  correction  term  (less  than  1%  for  the  APS 
diagnostics  undulator,  =  2.6  prad  and  cx-  =  20  prad). 

(2)  When  the  pinhole  camera  is  operating  with  a 
broad-band  x-ray  beam,  ay  increases  somewhat,  but  the 
correction  to  Eq.  (5)  is  still  expected  to  be  small. 


2.4  Fresnel  Diffraction  Broadening  in  y-Direction 

The  diffraction  broadening  of  the  pinhole  image  has 
been  discussed  by  several  authors  [2,3],  based  on  the 
hybrid  model  in  which  the  geometric  shadow  of  the 
pinhole  and  the  Fraunhofer  diffraction  pattern  were  both 
approximated  by  Gaussian  function,  and  the  total 
broadening  was  assumed  to  be  their  convolution. 
Borland  [5]  appeared  to  be  the  first  to  point  out  the 
inadequacy  of  Fraunhofer  diffraction  and  briefly 
discussed  the  effect  of  Fresnel  diffraction.  We  have 
performed  a  detailed  analysis  of  the  PSF  based  on 
Fresnel  diffraction.  The  PSF  for  monochromatic 
radiation  for  a  pinhole  aperture  (width  =  d)  can  be 
written  as  the  square  of  a  Fresnel  integral.  It  can  be 
represented  by  an  integral  to  allow  analytical 


convolution  with  a  Gaussian  source  function  and  a 
Gaussian  spectrum  function  (polychromatic  PSF).  The 
result  can  then  be  compared  directly  with  experimentally 
measured  profiles. 

3  EXPERIMENT 

The  experiment  was  performed  at  the  diagnostics  beam 
line  of  the  Advanced  Photon  Source.  The  set  up  is  shown 
in  Figure  1  with  relevant  parameters  given  in  Table  1 . 

UNDULATOR  MONOCHROMATOR  pINH0LE  YAG  SCREEN 

\  a 

CAMERA 

^"\CAMERA 

Figure  1 :  APS  diagnostics  undulator  beamline 


Table  T.  Parameters  for  the  APS  undulator  experiment 


Undulator,  period  length,  A„ 

18  mm 

Undulator  length,  L 

3.56  m 

Undulator,  fundamental  photon  energy 

25.9  keV 

Monochromator  to  undulator  distance,  S,„ 

27.47  m 

Monochromator  crystal 

Si(400) 

Monochromator  crystal  thickness 

0.3  mm 

Pinhole  to  undulator  distance,  S 

28.56  m 

Pinhole  to  x-ray  camera  distance,  S’ 

9.13  m 

3. 1  Divergence  Measurement 

The  Bragg  reflection  of  a  300-pm  Si(400) 

monochromator  crystal  was  used  for  the  divergence 
measurement.  The  crystal  angle  is  chosen  to  be  slightly 
lower  than  that  for  the  resonance  (10.13°).  Integrated 
intensity  profiles  were  obtained  from  digitized  video 
images  and  fitted  to  Gaussian  functions  at  video 
frequency  (30  Hz).  The  data  are  logged  at  one-minute 
interval  during  user  runs.  Figure  2  shows  such  a  log  in  a 
12-hour  run  during  December  1998.  At  high  current  in 
the  fill,  the  horizontal  beam  size  and  divergence  were 
high  due  to  a  subtle  transverse  instability  [8],  As  current 
decays,  the  divergences  settle  to  values  independent  of 
the  current, 

ax'  eff  =  22.8  ±  1  (jirad) ,  and  Cty  eff  =  3.2  ±  0.2  (prad) ,  (7) 
after  correction  for  resolution  (3  firad). 

3.2  Source  Size  from  Pinhole  Camera 

The  pinhole  camera  operates  with  a  broad-band  x-ray 
spectrum.  The  upstream  300-(im  monochromator  crystal 
at  10°  grazing  incidence  angle  is  effectively  a  1.73-mm 
thick  silicon  filter,  which  only  allows  photons  above 
15  keV  to  pass.  The  calculated  angular  distribution  of  the 
transmitted  photons  fits  well  to  a  Gaussian  function 
(ct-p20.3  |irad).  We  also  found  that  the  measured 
horizontal  intensity  profile  from  the  pinhole  camera  has 
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a  nearly  perfect  Gaussian  shape,  giving  an  effective 
beam  size  ax  eff  =  360  (pm).  Correction  for  instrument 
resolution  is  insignificant  in  this  case. 


Figure  2:  Beam  data  logged  at  1 -minute  intervals.  Upper 
panel:  horizontal  beam  divergence  (prad);  Lower  panel: 
horizontal  beam  size  (pm). 

3.3  Horizontal  Beam  Emittance 

Multiplying  the  effective  beam  divergence  and  size,  we 
obtain  the  horizontal  emittance  ex  =  7.9  ±  0.5  (nm  rad). 
This  agrees  well  with  the  measurement  from  the  bending 
magnet  sources. 
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Figure  3:  Integrated  intensity  profile  in  the  vertical 
direction.  (Dots)  measured,  (dashed  line)  Gaussian 
fit,  (dash-dot)  hybrid  model  fit  with  ax  =  24  pm,  and 
(solid  line)  Fresnel  diffraction  fit  with  ax  =  34  pm. 


3.4  Fresnel  Diffraction  in  the  'Vertical  Direction 

Figure  3  shows  the  vertical  intensity  profile  obtained 
from  the  pinhole  image.  Attempts  to  fit  the  profile  with 
either  a  Gaussian  function  or  a  hybrid  profile  function 
failed  due  to  the  pronounced  center  peak  and  sidelobes. 
The  polychromatic  Fresnel  model  appears  to  improve  the 
fit  with  an  effective  beam  size  of  oy  eff  =  34  ±  7  (pm). 
The  vertical  emittance  is  thus  ty  =  0. 1 1  (nm  rad).  This 
represents  a  vertical  coupling  of  1.4%,  larger  than  that 
deduced  from  the  measured  beam  size  at  the  bending 
magnet  source  and  measured  beta  functions. 

4  SUMMARY 

We  reach  the  following  conclusions  from  this  work. 

(1)  By  combining  a  thin  monochromator  crystal  and  a 
pinhole  camera  with  a  suitable  undulator  source,  we 
have  demonstrated  experimentally  that  both  electron 
beam  divergence  and  size  can  be  measured 
simultaneously.  The  current  rate  of  measurement  is 
limited  by  the  speed  of  the  camera/digitizer  at  about  30 
Hz. 

(2)  While  the  lattice  function  and  the  properties  of  the 
undulator  radiation  can  significantly  affect  either 
measured  effective  beam  divergence  or  size,  their 
product  remains  a  good  measure  of  emittance,  robust 
against  fluctuations  of  lattice  a-  and  P-functions. 

(3)  We  have  presented  experimental  evidence  showing 
that  the  Fresnel  diffraction  is  valid  and  important  in 
understanding  x-ray  pinhole  camera  data.  Its  introduction 
also  pushes  the  fundamental  resolution  limit  below  that 
of  the  current,  hybrid  model  by  ~30%. 

We  wish  to  acknowledge  G.  Goeppner,  I.-C.  Sheng,  E. 
Rotela,  and  S.  Sharma  for  their  help  in  beamline 
construction;  M.  Borland  and  L.  Emery  for  help  with  the 
storage  ring  experiment;  and  G.  Decker  and  J.  Galayda 
for  their  continued  support  for  the  project. 

5  REFERENCES 

[1]  A.  Hofmann,  “Beam  Diagnostics  and  Applications,”  AIP  Conf.  Proc. 
451  (3)  1998. 

[2]  P.  Elleaume,  C.  Fortgang,  C.  Penel,  E.  Tarazona,  “Measuring  Beam 
Sizes  and  Ultra-Small  Electron  Emittances  Using  an  X-Ray  Pinhole 
Camera,”  J.  Synch.  Rad.  2,  (209)  1995. 

[3]  C.  Zai  et  al„  “Beam  Size  Measurement  of  the  Stored  Electron  Beam  at 
the  APS  Storage  Ring  Using  Pinhole  Optics,”  Rev.  Sci.  Instrum.  67, 
(3368)  1996. 

[4]  B.  X.  Yang  and  A.  H.  Lumpkin,  “Particle-Beam  Profiling  Techniques 
on  the  APS  Storage  Ring,”  AIP  Proc.  390  (491)  1997. 

[5]  M.  Borland,  “A  Method  for  Calculating  emittance  from  Undulator 
Images,”  SSRL  ACD-NOTES  60,  1989. 

[6]  C.  Zai  et  al„  “Phase-space  Measurement  of  Stored  Electron  Beam  at 
the  Cornell  Electron  Storage  Ring  Using  a  Combination  of  Slit  Array 
and  CCD  Detector,”  Rev.  Sci.  Instrum.  66,  (1859),  1995. 

[7]  K-J.  Kim,  “Characteristics  of  Synchrotron  Radiation,”  AIP  Conf.  Proc. 

184(565)  1988. 

[8]  A.  H.  Lumpkin,  L.  Emery,  and  B.  X.  Yang,  “Observations  of 
‘Effective’  Transverse  Beam  Size  Instabilities  for  a  High  Current 
per  Bunch  Fill  Pattern  in  the  APS  Storage  Ring,”  these  proceedings. 


2163 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


IMPROVEMENTS  TO  THE  FERMILAB  IONIZATION  PROFILE 

MONITOR  SYSTEMS  * 

J.  R.  Zagel,  A.  A.  Hahn,  J.  L.  Crisp,  C.  Jensen,  FNAL,  Batavia,  IL 


Abstract 

The  Ion  Profile  Monitor  Systems  have  been  studied  in  the 
Fermilab  Tevatron,  Main  Injector,  and  Booster 
accelerators.  These  systems  capture  64K  samples  of  both 
horizontal  and  vertical  profiles  at  a  turn  by  turn  sample 
rate.  Some  early  results  have  revealed  various  systematic 
problems  and  where  improvements  in  the  present  system 
can  be  accomplished.  Identification  of  these  systematics 
and  improvements  for  these  systems  are  described.  An 
entirely  new  design  is  planned  which  incorporates  a 
magnetic  field  and  can  collect  electrons  instead  of  ions.  In 
addition,  selective  gating  of  the  top  microchannel  plate  in 
a  2-plate  system  will  allow  us  to  minimize  saturation  and 
charge  depletion  problems. 

1  CURRENT  INSTALLATIONS 

Ionization  Profile  Monitors  (IPM)  are  installed  in  the 
Fermilab  Booster  [1]  and  Main  Injector.  Two  devices  that 
were  previously  installed  in  the  Main  Ring  [2]  were 
removed,  new  microchannel  plate  (MCP)  glass  installed, 
and  then  placed  in  the  new  Main  Injector. 

The  Booster  system  has  an  8  kV  clearing  field  and 
currently  collects  positive  ions.  The  reworked  Main 
Injector  devices  operate  at  28  kV,  also  collecting  positive 
ions. 

2  SATURATION 

The  system  is  timed  to  observe  about  1  (isec  of  beam  at  a 
set  time  delay  from  each  revolution  marker.  This  time 
corresponds  to  just  under  1  Booster  batch.  We  would 
expect  that  the  signal  observed  should  be  directly 
proportional  to  the  number  of  ions  collected.  It  was 
recognized  that  the  area  of  the  profile  should  be  consistent 
throughout  the  acceleration  cycle  and  proportional  to  the 
ionization  produced  by  the  fraction  of  beam  current  within 
our  1  (isec  integration  time.  [3]  Area  is  defined  as  the 
sigma  multiplied  by  the  amplitude  from  a  gaussian  fit. 
When  motion  of  the  beam  caused  a  change  in  position  on 
the  MCP,  ions  impinging  on  a  different  area  of  the  MCP 
caused  greater  amplitude  peaks  for  some  number  of  turns. 
When  additional  batches  are  injected,  a  corresponding  loss 
of  signal  occurs  that  is  not  consistent  with  any  losses 
noted  from  the  observed  batch.  Instead  a  much  larger  loss 
is  noted  in  the  beam-induced  signal.  An  oscilloscope  trace 
taken  during  a  short  run  in  the  Tevatron  also  showed  this 
behavior. 


*  Work  supported  by  the  U.S.  Department  of  Energy 
under  Contract  No.DE-AC02-76CH03000 


Figure  1.  Injection  effects  on  observed  batch. 


Figure  1  shows  the  intensity  profile  for  the  time  period 
during  which  4  Booster  batches  are  injected  into  Main 
Injector.  The  intensity  decrease  noted  after  each  batch  is 
injected,  approximately  6000  samples,  is  the  result  of 
charge  depletion  from  the  MCP  not  beam  losses  in  the 
observed  batch. 

Three  potential  solutions  to  this  problem  are:  1.  obtain 
an  MCP  with  greater  output  current  capability,  2.  higher 
gain  preamplifiers,  or  3.  use  the  dual  chevron  MCP 
configuration  in  a  mode  where  the  ion  collection  plate  is 
used  as  a  fast  gate  while  the  lower  plate  is  used  to  provide 
gain.  This  mode  of  operation  allows  the  signal  producing 
plate  to  recharge  during  the  off  time  of  the  gating  plate. 

2.1  High  Output  MicroChannel  Plates 

The  MCP's  used  in  these  systems  originate  from  Galileo 
Corporation.  Extended  Dynamic  Range  (EDR)  glass  is 
available  that  can  provide  a  4  to  10  times  improvement  in 
output  current.  Typically  an  MCP  can  provide  10  to  20% 
of  the  bias  current  as  a  linear  output. 


Table  1:  MicroChannel  Plate  specifications 


MCP 

Type 

Bias  Current 
1000  Volts 

Gain 

Long  Life 

1 20  (tamps 

2.5*  104 

EDR 

420  tramps 

2.6*  104 

We  have  been  using  simple  voltage  dividers  to  provide 
bias  voltages  for  the  existing  dual  chevron  plate 
assemblies.  This  will  not  provide  the  appropriate  bias 
using  the  newer  extended  dynamic  range  glass,  which 
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exhibits  much  lower  impedance.  Dual  power  supplies 
will  be  used  to  provide  a  separately  adjustable  bias  for 
each  plate.  The  top  plate  will  then  be  pulsed  to  provide  a 
gate  consistent  with  the  batch  to  be  observed.  For  the 
Fermilab  Main  Injector  the  gate  will  be  on  for  1.6  (Xsec 
out  of  an  approximately  11.1  (xsec  revolution  period. 

2.2  Gating  McroChannel  Plates 

To  provide  time  gating  of  the  micro  channel  plate,  the 
first  stage  must  be  gated  by  applying  a  voltage  pulse 
during  the  time  of  interest.  The  ultimate  goal  is  to  have 
this  stage  go  from  below  threshold  to  above  threshold  in 
approximately  50  nsec  (3  empty  bunches  between 
batches).  The  application  requires  a  series  of  1.6  psec 
pulses  to  repeat  for  approximately  1  second  and  then  have 
0.5  seconds  of  off  time.  There  are  two  approaches,  each 
requiring  a  fast  pulse  generator  and  an  isolation 
transformer:  1)  keep  the  plate  biased  at  below  nominal 
operating  voltage  and  then  supply  a  200  V  pulse,  or  2) 
keep  the  plate  at  0  V  and  apply  the  full  necessary  voltage. 


200  Ohms  2: 1 


The  kicker  group  at  Fermilab  has  developed  a  fast  high 
voltage  pulse  generator  for  their  work  [4].  This  can  be 
used  to  generate  a  pulse  of  up  to  800V  with  a  rise  time  of 
15  nsec  into  50  Ohms.  An  additional  power  supply  is 
needed  to  remotely  control  either  the  variable  bias  or  to 
supply  the  variable  pulse  amplitude  from  the  pulse 
generator.  There  is  a  tradeoff  in  how  much  power  is 
dissipated  in  resistors.  For  the  biased  case,  a  DC  blocking 
capacitor  is  required  but  this  must  be  discharged  otherwise 
the  pulse  current  would  overcharge  it.  For  the  full  voltage 
case,  the  termination  resistor  will  have  a  much  higher 
power  dissipation.  The  latter  solution  requires  fewer 
components,  and  failures  in  the  circuit  tend  to  inhibit 
operation  of  the  MCP  instead  of  causing  damage.  There 
will  be  only  passive  components  mounted  in  the  tunnel, 
external  to  the  vacuum  system,  connected  via  several 
hundred  feet  of  50f2  cable. 


3  SIGNAL  CONDITIONING 

When  the  Main  Injector  started  to  ramp  we  observed  a 
potential  difference  in  tunnel  ground  as  referenced  to  the 
service  building.  The  IPM  has  only  a  few  microseconds 
to  measure  nanoampers  of  current.  Even  small  differences 
in  ground  can  cause  problems. 


Figure  3:  Signal  variations  through  acceleration  cycle. 


The  apparent  loss  of  signal  in  figure  3,  sample  62000 
through  77000,  is  explained  by  the  capacitive  coupling  of 
ramp  currents  into  the  beam  pipe  ground.  Since  the 
system  software  calculates  a  baseline  in  the  fitting 
routines  this  does  not  affect  the  final  profile  information. 
However  steps  have  been  taken  to  capacitively  decouple 
the  grounds  to  prevent  possible  damage  to  the  amplifiers. 


Figure  4:  Shorted  RG-58  signal  as  seen  from  upstairs. 
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The  capacitance  to  ground  in  the  main  bend  magnets 
allows  bend  bus  voltage  to  induce  currents  along  the  beam 
pipe.  As  a  power  supply  ramps  up,  the  beam  pipe  closes 
the  loop  between  capacitive  coupling  to  ground  through 
the  magnets  on  both  sides  of  the  supply.  The  IPM's  in 
the  Main  Injector  are  located  17  meters  apart  and  a  power 
supply  feeds  the  bend  bus  half  way  between  them.  The 
measured  ground  potential  between  IPM's  peaks  at  150 
millivolts  and  is  proportional  to  dl/dt  in  the  bend  buss. 
Ohms  law  suggests  5  amps  of  current  flows  through  the 
.0017  Q/m  stainless  beam  pipe  separating  the  IPM's. 
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Figure  5:  Electron  collection  test  in  Booster  at  600  gauss. 


4  THE  CASE  FOR  ELECTRON 
COLLECTION 

The  collection  of  positive  ions  produced  in  the  proton 
beam  is  problematic  in  that  the  space  charge  of  the  beam 
itself  contributes  to  spreading  those  ions.  The  problem  is 
exacerbated  by  the  smaller  beam  sizes,  in  the  Main 
Injector  (1mm)  and  Tevatron  (.5mm),  where  the  spreading 
increases  the  measured  profiles  by  up  to  500%  over  the 
actual  beam  size.  To  eliminate  this  effect  we  are  adding  a 
magnetic  field  and  switching  the  polarity  of  the  clearing 
field  to  collect  electrons.  An  experiment  was  done  in  the 
Fermilab  Booster  to  determine  the  effects  of  placing  a 
magnetic  field  around  the  IPM  and  collection  of  electrons. 
The  conclusion  is  that  electron  collection  is  at  least  as 
good  as  with  positive  ions.  In  the  Booster  the  expected 
ion  spreading  was  at  the  10%  level  at  most.  We  were 
dominated  by  systematic  effects  due  to  saturation  at  these 
signal  levels  and  could  not  decisively  prove  that  the 
electron  profiles  were  10%  smaller  than  the  ion  profiles. 
Calculations  suggest  that  a  magnetic  field  of  2000  Gauss 
for  the  Main  Injector  and  3000  Gauss  for  the  Tevatron 
will  be  sufficient  to  contain  electrons  produced  in  the 
beam  while  they  are  accelerated  toward  the  MCP.  This 
field  will  reduce  spreading  to  the  1  to  2%  level. 

5  WORK  IN  PROGRESS 

High  output  glass  has  been  installed  into  the  Main 
Injector  IPM's.  We  are  now  building  the  additional  power 
pulsing  devices  to  install  for  the  next  run.  By  using  the 
top  plate  of  the  chevron  configuration  as  a  gate  and  the 
bottom  plate  for  gain  we  hope  to  minimize  the  effects  of 
saturation  on  the  lower  plate. 

Design  work  is  now  being  undertaken  to  produce  a  magnet 
and  improved  mounting  scheme  for  the  internal  devices  to 
allow  us  to  capture  electrons  on  the  MCP's  in  the  Main 
Injector  and  Tevatron  Installations. 
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Abstract 

We  present  here  the  first  experimental  test  of  a 
singlepass  non-destructive  method  of  monitoring  of  lon¬ 
gitudinal  charge  distribution  in  an  intensive  relativistic 
electron  bunch.  This  method  is  based  on  the  scanning  of  a 
thin  electron  beam  within  the  energy  range  20-100  kV  in 
the  electromagnetic  field  of  an  intensive  relativistic 
bunch. 

The  probe  beam  was  injected  across  the  path  of 
primary  relativistic  bunch.  This  type  of  an  electron  beam 
probe  is  suitable  for  both  circular  or  linear  accelerators. 
The  prototype  results  obtained  at  VEPP-3  storage  ring 
are  in  good  agreement  with  the  calculations  and  give  us  a 
very  high  degree  of  confidence  that  this  single  bunch 
diagnostic  tool  can  be  very  useful  not  only  for  accelera¬ 
tor  tuning  ,  but  also  for  precise  measurements. 

1  THEORY 

The  thin  probe  beam  moves  along  X  axis,  is  or¬ 
thogonal  to  the  direction  of  the  relativistic  bunch  motion 
(Z  axis)  with  the  offset  parameter  p  (Fig.l). 


Fig.  1. 

The  results  of  scanning  are  monitored  on  the 
screen  parallel  to  the  Y-Z  plane  and  positioned  at  the 
distance  L  from  Z  axis.  Let  the  center  of  the  relativistic 
bunch  is  located  at  the  origin  at  time  t=0  whereas  the 
testing  beam  has  the  uniform  density  along  X  and  the 
diameter  d«  p .  Here,  we  assume  p  exceeds  the  typical 
transverse  size  of  the  relativistic  bunch.  At  the  time  t=0 
every  testing  beam  particle  is  corresponded  to  the  certain 
X  -coordinate.  The  total  deflecting  angle  in  Y  direction 
for  every  particle  under  the  influence  of  the  electric  field 
of  the  relativistic  bunch  can  be  expressed  as: 


.  .  2 prp  "7  rid  dz 

9y{x)=~r[p2+(x+M 2  (1) 

where  re  is  the  classical  electron  radius,  j8=v/c  -  the 
relative  velocity  of  the  testing  beam,  c  -  the  velocity  of 
light,  X  -  the  coordinate  of  testing  beam  particle  at 

t=o,  ri$  -  the  relativistic  bunch  linear  density  along  Z 
axis.  The  expression  for  the  deflecting  angle  of  the  parti¬ 
cle  in  Z  direction  due  to  magnetic  field  can  be  written  as: 

.  .  +7(x+  /3z)r($dz 

e'W=Zr*/_p2  +  (x+^2  <2) 

As  a  result,  the  testing  beam  traces  the  closed 
curve  on  the  screen.  In  assumption  of  the  constant  current 
I  of  the  testing  beam  one  can  derive  the  simple  correla¬ 
tion  between  the  X -coordinate  and  the  charge  distribu¬ 
tion  q(j?)  along  the  indicated  curve  on  the  screen  from 
point  A  to  point  B  (Fig.  1): 

x  =  ^Jq(/)d  (3) 

1  A 

Integrating  the  charge  along  the  curve  from  point  A  up  to 
point  B  (Fig.l)  one  can  find  the  X -coordinate  (3)  and 
correspond  to  it  the  certain  angles  6z(x)  and  0y(x)  at 

point  B.  Since  the  dependencies  6y(x)  and  6z(x)  are 
determined,  it  is  possible  using  any  of  this  functions  to 
restore  the  dependence  l{z) : 

=  <4) 


-rw 

where  dy(k)=  jdy(x)eikxdx. 


It  is  necessary  to  emphasize  that  dependencies 
(1),  (2)  and  (4)  are  valid  only  for  ultra  relativistic  bunch 

with  y»l  and  for  «  1  (5).  The  last  condition 

gives  a  small  perturbation  of  probe  beam  longitudinal 
motion  by  the  electric  field  of  relativistic  bunch. 


2  EXPERIMENTAL  SETUP 

The  test  of  the  electron  beam  probe  was  held  at 
VEPP-3  storage  ring  at  the  bunch  energy  350,  1 200  and 
2000  MeV.  We  placed  the  device  in  the  straight  section 
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of  the  ring  between  two  RF  cavities.  The  probe  system 
was  evacuated  to  a  typical  storage  ring  vacuum  level  of 
109  Torr.  The  schematic  diagram  of  the  layout  is  shown 
in  Fig.  2.  The  probe  electron  gun  had  a  flat  diode  geome¬ 
try  with  0.2  mm  diameter  anode  diaphragm.  We  used  4 
mm  dispenser  cathode  with  emission  ability  3  A/cm2. 
The  maximum  pulse  current  of  the  probe  electron  beam 
was  1  mA  at  the  energy  of  60  keV.  Axial  magnetic  fo¬ 
cusing  lens  formed  a  minimal  transverse  probe  beam 
size  as  at  the  interaction  region  as  on  the  screen.  Trans¬ 
verse  correction  coils  was  installed  to  adjust  the  position 
of  the  probe  beam  on  the  screen.  We  used  to  direct  the 
probe  beam  to  the  thing  strip  placed  just  before  the  Micro 
Channel  Plate  (MCP)  of  20  mm  diameter.  It  allowed  to 
avoid  the  MCP  saturation  by  5  *s,  1mA  probe  beam  and 
to  measure  its  pulse  current.  We  also  measured  probe 
beam  energy.  These  two  parameters  gave  us  a  possibility 
to  restore  the  X  value  (3)  or  time  from  the  charge  distri¬ 
bution  on  the  MCP  entrance.  The  relativistic  bunch  dura¬ 
tion  was  in  the  range  of  one  nanosecond,  so  all  voltages 
on  MCP,  screen  and  gun  could  be  considered  as  constant 
during  this  time  period.  The  shortest  pulse  on  the  MCP 
served  as  a  gate  pulse.  It  helped  to  make  a  single  bunch 
picture  on  the  phosphor  screen  (the  revolution  frequency 
of  the  bunch  in  the  ring  is  4.03  MHz).  To  digitise  the 
screen  image  we  used  the  conventional  black  and  white 
CCD  video  camera  and  special  ADC  grabber  of  standard 
video  signal  with  external  start.  Synchronous  start  of  the 
camera  is  absolutely  necessary  to  the  brightness  stability 
of  the  screen  image  from  pulse  by  pulse  for  brightness  to 
charge  conversion  . 


Fig  .  2  The  scheme  of  installation. 


Since  built-in  brightness  to  charge  calibration 
system  was  not  ready  at  the  first  set  of  experiments  we 
used  for  that  purpose  longitudinal  charge  distribution 
data  obtained  by  dissector  [2],  This  stroboscopic  device 
works  properly  for  operation  with  a  stable  bunch  at  the 
time  resolution  level  of  100  ps. 

The  maximum  repetition  rate  for  our  system  was 
limited  by  the  screen  luminescence  time  (5  ms)  and  video 


data  acquisition  time  (500  ms).  So  all  presented  meas¬ 
urements  was  made  on  0.5  pps. 

Probe  beam  focusing  system,  all  modulators, 
video  and  synchronous  start  system  was  controlled  by 
computer  from  the  main  control  room. 

3  EXPERIMENTAL  RESULTS 

At  first  we  adjusted  the  synchronous  start  system 
and  modulators  to  reach  a  reliable  operation  with  good 
time  stability  (a  maximum  long  time  jitter  was  less  then  1 
ns).  The  pulse  to  pulse  voltage  stability  at  the  moment  of 
relativistic  bunch  passing  was  better  then  2%  for  each 
modulator.  Then  we  checked  the  surface  uniformity  of 
MCP-Screen-Camera  conversion  system.  The  nonuni¬ 
formity  less  then  3%  was  detected.  All  presented  meas¬ 
urements  was  made  with  60  keV,  1  mA  probe  electron 
beam.  The  probe  beam  size  was  0.5  mm  at  the  interaction 
point  and  1  mm  on  the  screen.  To  restore  the  bunch  shape 
according  to  (4)  we  need  the  p  value.  It  was  measured 
directly  by  moving  the  probe  beam  up  to  the  crossing 
with  relativistic  bunch  trajectory.  One  can  recognise  the 
crossing  picture  very  clearly. 

After  that  we  fulfilled  the  calibration  measure¬ 
ments  with  stable  bunch  in  the  ring  in  order  to  have  a  real 
longitudinal  charge  distribution  in  the  bunch  from  the 
dissector  (the  longitudinal  bunch  shape  is  very  close  to 
the  Gaussian).  Using  this  data  one  can  calculate  the 
brightness  to  charge  conversion  coefficient,  pentium-1 33 
can  process  the  image  for  the  time  period  less  then  1  sec¬ 
ond.  Since  the  range  of  brightness  changing  was  not  so 
big  in  comparison  with  dynamic  range  of  video  signal 
(less  then  10%)  and  MCP-Screen  system  can  be  consid¬ 
ered  as  linear  within  our  range  of  parameters  it  was  pos¬ 
sible  to  use  that  conversion  coefficient  for  most  of  our 
measurements.  Fig.  3  shows  an  example  of  calibration 
measurement  with  a  stable  bunch  state  at  the  energy  of 
1200  MeV. 


Fig.3  .  The  calibration  measurement  with  dissector  at  a  stable  bunch 
state.  The  solid  line  is  a  result  of  the  best  Gaussian  fitting  to  the  dis¬ 
sector  data.  Dots  correspond  to  our  device  measurement. 


After  calibration  procedure  we  used  our  device 
to  monitor  the  longitudinal  bunch  instability.  In  this 
case  the  signal  from  dissector  was  very  wide  and  unstable 
and  it  had  two  pikes  with  flashing  amplitudes.  Fig.4 
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shows  typical  single  bunch  pictures  for  that  instability  at 
the  energy  of  1200  MeV. 
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Fig.  4.  Typical  single  bunch  pictures  for  longitudinal  insta¬ 
bility:  (a)  -  minimum  bunch  length,  (c  )  -  maximum,  (b)  -  intermediate 
state. 


This  is  just  an  example  to  show  the  ability  of  the 
method.  But  for  detail  instability  analysis  one  need  at 
least  few  pictures:  for  example  after  10,h  ,  20th  ,30th  turn 
and  so  on.  Unfortunately  at  existing  device  we  can  not 
make  this  shot.  It  need  some  changes  in  modulators,  ad¬ 
ditional  horizontal  scanning  system  and  bigger  MCP  with 
screen.  We  plan  all  this  changes  this  year  as  a  next  step. 


4  DISCUSSION 


The  basic  idea  of  this  diagnostic  looks  simple, 
but  one  should  be  very  careful  evaluating  the  time  reso¬ 
lution  of  this  method.  At  first  we  have  a  finite  angle 
resolution  A0y  due  to  a  probe  beam  size  on  the  screen 
or  spatial  resolution  of  electron  detecting  system.  An 
angle  resolution  can  be  recalculated  to  a  time  resolution 
as  follows: 


From  the  other  side  the  modulation  of  longitudinal  probe 
beam  velocity  due  to  X  component  of  bunch  electric 
field  increase  the  time  error  value.  Total  time  resolution 
is  given  by  both  effects.  Assuming  that 
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we  can  evaluate  time  resolution  T  in  two  occurrence: 
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Our  experiment  fits  the  first  case,  the  expression  (7)  is 
suitable  to  linear  accelerators.  Taking  into  account  the 
final  size  of  the  screen,  one  can  evaluate  (6)  the  time 
resolution  value  for  our  experiment  (50  ps).  To  improve 
time  resolution  significantly  we  plan  to  rearrange  optic 
and  decrease  the  beam  size  on  the  screen.  The  maximum 
vertical  size  of  the  loop  on  the  screen  can  be  calculated 
for  Gaussian  bunch  as  follows: 
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where  L  is  the  distance  between  the  interaction  point  and 
the  screen.  So  you  can  not  decrease  probe  beam  energy  to 
much  in  order  to  feet  the  image  to  the  screen. 


5  CONCLUSION 

The  design  of  the  monitor  essentially  depends  on 
the  relativistic  beam  parameters.  We  just  note  the  general 
useful  qualities  of  the  method: 

1 .  Ability  of  simultaneous  measurement  not  only 
longitudinal  distribution  of  beam  density,  but  the  trans¬ 
verse  position  of  its  center  of  mass  also  [1]  (two  testing 
beams  -  above  and  below  the  relativistic  beam). 

2.  Testing  beam  has  practically  no  influence  on 
the  relativistic  bunch,  so  its  parameters  don’t  get  worse. 

3.  Small  slots  for  testing  beam  transit  in  main 
vacuum  chamber  don’t  change  its  impedance. 

In  this  year  the  monitor  will  be  installed  either 
in  the  (VEPP-4)  storage  ring  and  in  the  linear  accelerator 
(VEPP-5  injector). 
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1  INTRODUCTION 

Positrons  produced  by  conversion  target  have  a  large  trans¬ 
fers  injection  angles  and  wide  energy  distribution.  To  cap¬ 
ture  positrons  a  matching  device  which  forms  a  strong  mag¬ 
netic  field  is  used.  This  flied  may  be  achieved  only  by  im¬ 
pulse  operated  device.  This  device  is  utilized  to  form  strong 
magnetic  impulse  field  (10  T)  and  uses  a  capacitor  bank. 


Figure  1:  Sketch  of  capsule  lead  liquid  target  and  its  loca¬ 
tion  relatively  marching  device. 


Incident  electron  bunch  with  energy  300  MeV  and  en¬ 
ergy  spread  ±1%  is  focused  by  a  triplet  on  conversion  tar¬ 
get  to  beam  spot  size  1  mm.  Electron  bunch  length  is 
about  6  mm.  The  total  target  yield  for  positron  after  tung¬ 
sten  conversion  target  and  the  one  radial  angle  and  energy 
distributions  had  been  calculated  using  the  electromagnetic 
shower  simulation  provided  by  the  GEANT  code[l].  The 
total  positron  yield  defined  as  the  number  of  positron  gen¬ 
erated  per  one  incident  electron  from  such  a  target  is  about 
0.8. 

To  avoid  a  thermal  heating  damage  of  conversion  target 
is  usually  utilized  a  rotated  tungsten  target  with  water  cool¬ 
ing  [2].  To  technical  unloading  of  conversion  system  by  a 
different  elements  was  decided  to  use  a  lead  liquid  target  of 
capsule  type  (fig.  1 ).  The  melting  of  lead  is  a  result  of  in¬ 
cident  electron  bunch  energy  deposition  in  target  material. 
Application  of  this  target  allows  to  locate  it  into  top  mag¬ 
netic  field  and  doesn’t  require  additional  target  cooling. 


75 


Figure  2:  Cross  section  of  pulsed  magnet  prototype . 


2  IMPULSE  MAGNET  PROTOTYPE 

Positron  beam  injected  from  conversion  target  occupies  a 
large  space  volume  and  is  wide  distributed  in  energy  (from 
several  MeV  to  several  dozen  MeV).  Impulse  magnet  forms 
adiabatically  decreasing  longitudinal  magnetic  field  with 
required  shape.  Magnet  is  located  after  conversion  target 
and  acts  as  short  focal  length  lens. 

To  measure  a  magnetic  field  of  matching  device  the  pro¬ 
totype  has  been  fabricated  as  a  single  turn  solenoid  with 
a  radial  cut  to  center  of  conical  hole.  A  cross  section  of 
pulsed  magnet  prototype  is  schematically  shown  in  fig.2. 
The  copper  body  of  prototype  is  75  mm  along  and  internal 
cone  angle  is  45° .  Minimal  aperture  d  of  magnet  prototype 
is  4  mm. 

The  magnet  prototype  is  powered  by  a  sinusoidal  shaped 
current  pulse  of  75  kA  to  produce  a  peak  magnetic  field 
of  10  Tesla  at  a  conversion  target.  The  longitudinal  mag- 
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Figure  3:  Magnetic  field  profile  along  longitudinal  exes  of 
prototype.  Dashed  line  -  4  mm  solid  line  5  mm. 


netic  field  along  axis  of  prototype  is  presented  in  fig.3  by 
a  dashed  line.  Energy  deposition  of  magnetic  field  inside 
conical  hole  of  device  is  about  10  J. 

After  several  tests  of  a  previous  magnet  prototype  the 
minimal  aperture  d  was  increased  up  to  5  mm  and  the  tests 
of  a  second  prototype  were  repeated.  The  longitudinal  field 
of  a  second  magnet  prototype  is  slight  different  (fig.3  solid 
line).  To  obtain  a  peak  magnetic  field  strength  of  10  Tesla 
a  100  kA  current  pulse  was  required  that  is  increased  30% 
against  of  a  first  pulsed  magnet  prototype  test.  Magnetic 
field  strength  at  rear  plane  of  impulse  magnet  decreases  to 
0.1  Tesla  for  both  magnet  prototypes. 

A  current  pulse  of  time  length  20  psec  had  been  used 
for  both  test  series  of  magnet  prototype.  Magnet  had  been 
placed  on  an  air  and  its  external  body  surface  was  cooled  by 
a  water  flow.  Temperature  of  magnet  body  was  increased 
to  40  -I-  50°  C  in  2  -r  3  hours  of  test  with  repetition  rate 
50  pps.  Energy  deposition  of  capacitor  bank  is  triple  large 
the  energy  deposition  of  magnetic  field  inside  conical  hole. 

3  NUMERICAL  SIMULATION 

For  numerical  simulation  of  magnet  prototype  a  special 
code  based  on  final  differences  method  had  been  written. 
This  code  allows  to  simulate  magnetic  impulse  field  of  any 
magnet  geometry  with  axial  symmetry.  Conversion  target 
and  accelerating  structure  location  is  also  available  to  in¬ 
clude  into  consideration. 

Close  located  accelerating  structure  at  rear  plane  of  im¬ 
pulse  magnet  decreases  strength  of  magnetic  field.  Fig.4 
shows  a  behavior  of  magnetic  field  strength  in  front  plane 


of  accelerating  structure  for  different  cases  of  structure  and 
impulse  magnet  position.  Minimum  aperture  of  impulse 
magnet  is  5  mm.  Distance  between  structure  and  impulse 
magnet  was  chosen  to  be  10, 30, 50  mm.  Location  of  mag¬ 
net  rear  plane  and  accelerating  structure  are  marked  in  fig.4. 
As  one  can  see,  magnetic  field  strength  is  decreased  fast  al¬ 
most  to  zero  value  in  front  plane  of  accelerating  structure. 


z(mm) 


Figure  4:  Numerical  simulation  of  impulse  magnet  with 
closed  location  of  accelerating  structure. 


4  CONCLUSIONS 

The  tests  of  both  impulse  magnet  prototypes  with  con¬ 
version  target  demonstrated  a  technical  realizations  oppor¬ 
tunity  of  this  positron  system  design.  It  had  been  eri- 
dent,  during  the  operation  time,  that  a  15  Tesla  magnetic 
field  strength  is  quite  technically  reliable  for  repetition  rate 
50  pps. 
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Abstract 

The  longitudinal  charge  distribution  of  the  electron 
bunches  in  the  TESLA  Test  Facility  linac  has  been  de¬ 
termined  using  coherent  transition  radiation  produced  at  a 
thin  metal  foil.  The  autocorrelation  of  the  radiation  pulse 
is  measured  with  a  Martin  Puplett  interferometer  and  then 
Fourier  transformed  to  yield  the  coherent  radiation  spec¬ 
trum  and  the  bunch  form  factor.  Several  techniques,  includ¬ 
ing  a  Kramers-Kronig  analysis,  have  been  applied  to  deter¬ 
mine  the  longitudinal  bunch  charge  distribution.  Measure¬ 
ments  with  a  thermionic  electron  gun  and  a  radio-frequency 
photo  injector  are  presented.  The  influence  of  frequency- 
dependent  acceptance  corrections  is  discussed. 

1  INTRODUCTION 

Future  electron  drive  linacs  for  Free  Electron  Lasers  in  the 
VUV  and  X  ray  regime  require  the  production  and  accel¬ 
eration  of  bunches  whose  length  is  in  the  sub-picosecond 
regime  [1].  Coherent  Transition  Radiation  (CTR)  emitted 
by  the  electron  bunches  upon  crossing  a  thin  aluminum  foil 
can  be  used  to  determine  the  longitudinal  charge  distribu¬ 
tion.  The  radiator  is  oriented  at  an  angle  of  45°  with  respect 
to  the  beam  direction  so  that  the  radiation  can  be  extracted 
at  90°  through  a  quartz  window.  The  spectral  intensity 
emitted  by  a  bunch  of  N  particles  consists  of  an  incoherent 
and  a  coherent  term 

ItrtW  =  NIi(w)  +  N(N  -  l)A(tu)|/(w)|2  .  (1) 

Here  fi(w)  is  the  intensity  radiated  by  a  single  electron  at 
the  frequency  ui  and  f(oj)  is  the  bunch  form  factor  [2,  3, 4], 
defined  as  the  Fourier  transform  of  the  normalized  charge 
distribution  p.  For  a  relativistic  bunch  whose  transverse  di¬ 
mensions  are  small  compared  to  the  length  the  form  factor 
becomes 

f(u>)  =  J  p(z)  exp  (iuiz/c)dz  =  J  cp(ct)  exp  (iut)dt  . 

(2) 

2  THE  MARTIN  PUPLETT 
INTERFEROMETER 

The  Martin  Puplett  interferometer  used  to  measure  the 
autocorrelation  function  of  the  radiation  pulse  is  shown 
schematically  in  Figure  1.  The  interferometer  has  been 
fabricated  at  the  physics  institute  of  the  RWTH  Aachen  ac¬ 
cording  to  optical  standards  and  is  rigidly  mounted  on  a 
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Roof  mirror 


Figure  1:  The  Martin  Puplett  interferometer. 


40  mm  thick  aluminum  plate.  Wire  grids  wound  from  20 
pm  diameter  thick  gold  plated  tungsten  wire  with  a  spac¬ 
ing  of  100  pm  act  as  polarizer,  beam  splitter  and  analyzer. 
The  incident  radiation  pulse  is  polarized  horizontally  by  the 
first  grid  and  then  splitted  by  the  beam  divider  into  compo¬ 
nents  of  different  polarization  entering  the  two  spectrom¬ 
eter  arms.  The  polarization  is  flipped  by  the  roof  mirrors, 
hence  the  component  first  transmitted  at  the  beam  splitter 
is  now  reflected  and  vice  versa.  The  recombined  radiation 
is  in  general  elliptically  polarized,  depending  on  the  path 
difference  in  the  two  arms.  The  analyzing  grid  transmits 
one  polarization  component  into  detector  1  and  reflects  the 
orthogonal  component  into  detector  2.  Two  pyroelectric 
detectors  equipped  with  horn  antennas  are  used  as  detec¬ 
tion  devices  for  the  sub-millimeter  wavelength  radiation. 
Not  shown  in  the  schematic  diagram  are  two  parabolic  mir¬ 
rors  of  optical  quality  which  transform  the  diverging  beam 
leaving  the  CTR  radiator  into  a  parallel  beam  and  focus  the 
recombined  beam  onto  the  detectors. 

The  result  of  a  scan  is  shown  in  Figure  2.  Plotted  is 
the  response  of  the  two  detectors  as  a  function  of  the  time 
delay  between  the  two  spectrometer  arms.  Both  detectors 
register  an  autocorrelation  signal  but  with  opposite  sign. 
The  sum  of  the  two  detector  signals  is  a  measure  of  the 
total  radiation  power  entering  the  interferometer.  The  raw 
data  show  some  fluctuations  which  occur  simultaneously 
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time  delay  [ps] 

Figure  2:  The  signals  of  the  two  pyroelectric  detectors  (cir¬ 
cles  and  crosses)  as  a  function  of  the  path  difference  in  the 
two  spectrometer  arms.  Note  the  anticorrelation  in  the  in¬ 
terference  signals.  The  correlated  fluctuations  at  -13  ps  and 
+  9  ps  are  due  to  intensity  fluctuations  of  the  electron  beam. 


frequency  [THz] 


Figure  4:  The  power  spectrum  corresponding  to  the  inter- 
ferogram  of  Figure  3  (open  circles).  The  suppression  at  low 
frequencies  is  due  to  the  high-pass  characteristics  of  the  ex¬ 
perimental  setup.  The  solid  curve  is  the  frequency  domain 
equivalent  of  the  time  domain  fit  explained  in  section  3.1. 


in  both  detectors  and  can  be  attributed  to  instabilities  in  the 
electron  beam.  Such  correlated  fluctuations  can  be  elimi¬ 
nated  by  taking  the  difference  of  the  two  detector  signals 
and  normalizing  it  to  the  sum.  The  normalized  difference 
interferogram,  presented  in  Figure  3,  shows  in  fact  a  very 
smooth  behaviour.  Remaining  statistical  fluctuations  due 
to  amplifier  noise  etc  are  within  the  size  of  the  data  points. 


time  delay  [ps] 


Figure  3:  The  difference  of  the  signals  of  the  pyroelectric 
detectors  normalized  to  the  sum  (open  circles).  The  solid 
curve  is  the  result  of  a  time  domain  fit  explained  in  section 
3.1.  The  data  were  taken  with  a  thermionic  cathode. 


function.  The  resulting  power  spectrum  is  shown  in  Figure 
4.  The  power  spectrum  reveals  one  of  the  main  limitations 
in  the  application  of  frequency-domain  techniques  for  de¬ 
termining  the  bunch  length:  the  low  frequency  part  of  the 
spectrum  is  strongly  suppressed.  Several  effects  contribute: 
diffraction  losses  due  to  the  limited  apertures  in  the  inter¬ 
ferometer,  the  finite  size  of  the  radiator  foil  which  leads  to 
a  widening  of  the  angular  distribution  of  transition  radia¬ 
tion  at  low  frequency,  and  also  the  reduced  acceptance  and 
sensitivity  of  the  detectors  at  long  wavelengths.  These  sys¬ 
tematic  effects  are  still  under  study.  In  the  following  anal¬ 
ysis  they  will  be  treated  in  an  empirical  way  only,  and  the 
resulting  bunch  lengths  have  to  be  taken  with  some  care. 

3. 1  Time  Doma  in  Fitting 

The  low  frequency  part  of  the  power  spectrum  is  sup¬ 
pressed  by  cutoff  effects.  Following  Murokh  et  al.  [5]  we 
describe  this  in  terms  of  a  filter  function 

g{u)  =  1  -  (3) 

where  £  is  an  adjustable  parameter.  Assuming  a  Gaussian 
longitudinal  charge  distribution  of  variance  <r,  the  mea¬ 
sured  power  spectrum  is  expected  to  be 

5(w)  =  e-*2"2  (l  -  e-«2"2)  2  (4) 

Transforming  to  the  time  domain  we  obtain  the  expected 
autocorrelation  curve 


3  DATA  ANALYSIS 

The  power  spectrum  of  the  coherent  transition  radiation  is 
obtained  by  Fourier  transformation  of  the  autocorrelation 
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The  result  of  the  fit  of  Equation  (5)  to  the  interferogram  is 
presented  as  the  continuous  curve  in  Figure  3.  The  obtained 
rms  bunch  length  is  <r  =  2  ps.  The  error  of  the  analysis  is 
dominated  by  the  systematic  low-frequency  effects  and  is 
estimated  to  be  in  the  order  of  20%  -  30%. 


3.2  Kramers  Kronig  Analysis 

A  Fourier  transformation  of  the  autocorrelation  function 
yields  only  the  absolute  magnitude  |/(w)|  of  the  form  fac¬ 
tor.  The  Kramers-Kronig  dispersion  relation  approach  can 
be  used  to  compute  the  phase.  The  so-called  minimal  phase 
ip  is  given  by  [6] 


ip{u> 


>=^r 

k  Jo 


MI/MI/I/MD 


du  . 


■  u‘ 


(6) 


The  inverse  Fourier  transformation  yields  then  the  desired 
longitudinal  charge  distribution 

roo 

p(z)  =  /  |/(w)|cos  (?/>(w)  +Ljz/c)duj  .  (7) 

Jo 

The  Kramers  Kronig  technique  will  be  applied  to  the  in¬ 
terferogram  in  Figure  5.  The  low  frequency  attenuation  of 
the  frequency  spectrum  has  been  corrected  for  by  smoothly 
extrapolating  the  form  factor  with  a  fourth  order  polyno¬ 
mial.  The  reconstructed  bunch  form,  depicted  in  Figure 
6,  is  trapezoidal  with  a  FWHM  of  about  4  ps.  It  should 
be  noted,  however,  that  the  result  of  the  reconstruction  de¬ 
pends  strongly  on  the  exact  parametrization  and  the  starting 
point  and  slope  of  the  extrapolation.  It  is  possible  to  obtain 
differences  of  up  to  1  ps  in  FWHM  and  variations  of  the 
shape  by  varying  the  initial  conditions  and  the  parametriza¬ 
tion  of  the  extrapolation. 
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Figure  6:  Longitudinal  bunch  profile  as  reconstructed  by 
the  Kramers  Kronig  technique. 


4  CONCLUSION 

A  high  precision  Martin  Puplett  interferometer  has  become 
a  standard  device  for  bunch  length  measurements  at  the 
TESLA  Test  Facility  linac.  One  useful  side  effect  is  that 
the  signal  amplitude  of  the  pyroelectric  detectors  increases 
strongly  with  decreasing  bunch  length  and  can  therefore 
be  used  as  a  fast  monitor  for  optimizing  the  bunch  com¬ 
pression  in  the  linac.  Bunch  lengths  and  bunch  shapes 
have  been  determined  for  various  machine  configurations. 
The  main  problem  for  precise  measurements  of  picosec¬ 
ond  bunches  is  the  not-well  known  low  frequency  attenu¬ 
ation  of  the  coherent  radiation.  Detailed  investigations  are 
in  progress. 
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Figure  5:  Normalized  difference  interferogram  measured 
at  the  TTF  linac  equipped  with  an  rf  photo-cathode  and  a 
bunch  compressor. 


2174 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 
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Abstract 

The  transverse  phase  space  distribution  of  an  electron  beam 
can  be  determined  with  a  quadrupole  scan  by  measur¬ 
ing  the  resulting  beam  profiles  via  optical  transition  radi¬ 
ation  and  applying  a  tomographic  reconstruction  method. 
Phase  space  tomography  has  been  successfully  used  at  the 
TESLA  Test  Facility  (TTF)  linac  equipped  with  a  radio  fre¬ 
quency  photo-injector.  Measurements  of  phase  space  dis¬ 
tributions  and  emittances  will  be  presented. 

1  INTRODUCTION 

To  be  usable  as  a  driver  for  an  envisaged  Free  Electron 
Laser  in  the  VUV  regime  the  TTF  electron  linac  will  have 
to  provide  500  MeV  to  1  GeV  bunches  with  a  charge  of  1 
nC  and  a  normalized  emittance  in  the  order  of  1  -  2  n  mm 
mrad.  A  laser-driven  rf  photocathode  produces  bunches 
with  an  rms  length  of  5  ps  which  are  accelerated  to  about 
5  MeV  in  a  1  1/2-cell  rf  cavity.  The  transverse  phase  space 
distribution  and  emittances  of  the  electron  beam  are  dif¬ 
ficult  to  predict  since  they  depend  strongly  on  the  dens¬ 
ity  profile  of  the  laser  beam,  on  space  charge  forces  and 
on  the  applied  focusing  by  solenoid  fields  at  the  photo¬ 
injector.  An  experimental  determination  of  the  entire  trans¬ 
verse  phase  space  distribution  can  be  accomplished  by  ap¬ 
plying  a  quadrupole  scan  in  combination  with  tomographic 
image  reconstruction  techniques  [2].  For  this  purpose  a  set 
of  quadrupoles  is  used  to  rotate  the  phase  space  distribu¬ 
tion  in  well-defined  angular  steps  between  a  reconstruc¬ 
tion  point  zo  in  front  of  the  quadrupoles  and  an  observa¬ 
tion  point  z\  behind  the  quadrupoles.  The  transverse  beam 
density  distribution  at  the  observation  point  is  recorded  by 
means  of  an  optical  transition  radiation  screen  read  out  by 
a  CCD  camera.  The  horizontal  and  vertical  beam  profiles 
obtained  at  the  different  rotation  angles  allow  to  reconstruct 
the  initial  phase  space  distribution  at  zq. 

2  PHASE  SPACE  TOMOGRAPHY 

The  beam  transport  from  zq  to  z\  is  described  by  a  4  x  4 
transfer  matrix  M  whose  elements  are  easily  computed  for 
given  quadrupole  settings.  The  measured  horizontal  charge 
density  distribution  can  be  expressed  in  terms  of  the  hori¬ 
zontal  phase  space  density  pi  at  z\  by  the  integral 

Pi (xi)  =  /  pi{xi,x'i)dx'i  (1) 

=  fpi{xiAi)S(xi~ii)dxidx[. 
’permanent  adress:  University  of  Hamburg,  D-20146  Hamburg 


Using  the  beam  transfer  matrix  M,  equation  (1)  can  be  re¬ 
written  in  terms  of  the  phase  space  distribution  po  at  the 
reconstruction  point  zo 

Pi,m(xi)  =  J Po(xo,x'0)5(xi-MnXo-Mi2x'0)dxodx'0  . 

(2) 

We  have  added  the  index  M  to  pi(xi)  to  indicate  that  the 
horizontal  density  distribution  at  zi  depends  explicitely  on 
the  transfer  matrix  M .  In  order  to  be  compatible  with  the 
algorithms  used  in  conventional  computer  tomography  we 
introduce  a  ’’rotation  angle”  <f>  by  the  relations 


c°s0=-7=  ,  sin  <j>  = 

y/  +  Mn 

This  yields 


/M,2,  +  M?y 


PiAu)  =  /  po(x0,x'0)S(u  -  xq  cos  <f>  -  Xq  sin  <p)dxodx'Q 

(4) 

with  u  =  xi/y'Mfj  +  Ml 2  and  PiAui)  = 
■  pz,m(x  i). 

Hence  we  arrive  at  the  conventional  Cartesian  ro- 
tation  by  scaling  the  measured  intensity  profiles  with 
y/ Mfi  +  M22  and  the  x  coordinate  with  1  j \JM\X  +  M22. 
The  distribution  piAu)  has  t0  he  determined  at  narrow 
equidistant  angular  steps  covering  at  least  1 80°  in  order  to 
permit  a  reconstruction  of  the  distribution  po  which  is  free 
from  artifacts.  In  practice  the  full  angular  range  is  often  not 
accessible  and  the  step  width  may  be  too  large.  Interpola¬ 
tion  and  filtering  techniques  can  be  applied  to  improve  the 
quality  of  such  incomplete  scans.  A  useful  filter  function  is 
obtained  by  combining  a  frequency  ramp  function  |/|  with 
a  low-pass  filter  L(f)  [4] 

w (u)  =  g^2  y  \f\L(f)  exP  ( iuf)df  .  (5) 

Here  /  is  a  spatial  frequency.  The  filtered  profiles  are  given 
by 

p$(xi)  =  J P<j>{x\)w(xi  -Xi)dxi  .  (6) 

The  low-pass  filter  suppresses  frequencies  larger  than  the 
sampling  frequency  of  the  profiles  and  the  ramp  function 
enhances  high  spatial  frequencies,  i.  e.  profiles  with  strong 
curvature.  The  filtered  profiles  can  now  be  backprojected 
to  obtain  the  reconstruction  p§(x o,  Xq)  using 


Po(xo,x  o) 


/  (x0  cos  4>  +  x'Q  sin  <f>)d(fi  .  (7) 

Jo 
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Figure  1:  Result  of  a  simulation  using  an  asymmetric 
phase  space  distribution  consisting  of  three  peaks  of  dif¬ 
ferent  height  and  width.  The  agreement  of  the  initial  (up¬ 
per  graph)  and  reconstructed  (lower  graph)  distribution  is 
better  than  1  %. 

Figure  1  shows  a  simulation  with  an  asymmetric  phase 
space  distribution  consisting  of  three  peaks  of  different 
height  and  width.  The  upper  graph  shows  the  initial  dis¬ 
tribution,  the  lower  graph  the  reconstruction  using  1 80  pro¬ 
jections  at  a  1°  angular  spacing.  The  reconstruction  agrees 
with  the  initial  distribution  to  better  than  1  %. 

3  EMITTANCE  AND  OPTICS 
PARAMETERS 


The  emittance  is  defined  in  terms  of  the  variances  of  x  and 


{x'2)  N(Sxf)  ^(fr*5)  <10) 

=  h  (Ex^)  -  h  (e^E^)  (11) 

\i=l  /  \i=l  i= 1  / 

where  N  denotes  the  total  number  of  electrons  of  the  beam. 
The  optical  functions  a,  0,  and  7  are  given  by 

3- rms  ~  £rms0  i  % rms  ==  ^rms7  ^tld  ( XX  )rms  =  ^rmsO- 

(12) 

4  SPACE  CHARGE 

Linearized  space  charge  forces  are  implemented  into  the 
beam  transfer  calculations.  The  lattice  needed  to  compute 
the  transfer  matrix  M  is  subdivided  into  intervals  of  about 
1  mm.  At  these  points,  defocusing  lenses  are  placed  with 


x  [mm] 


Backprojected  phase  space 


-4  -2  0  2  4  6 

y  [mm] 


Figure  2:  Reconstructed  phase  space  density  of  the  beam 
emitted  by  the  photo  injector,  energy  16  MeV,  charge  InC. 
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Figure  3:  Normalized  horizontal  emittance  versus  the 
primary  solenoid  current.  The  secondary  solenoid  current 
is  held  at  about  1/4  of  the  primary  current.  Note  the  emit¬ 
tance  assumes  its  minimum  of  ex  =  11.8  mm  mrad  at 
Iprim  =  166  A,  I sec  —  41.5  A.  The  systematic  error  of 
the  emittance  determination  is  about  30  %. 


100  and  270  A.  It  should  be  noted  that  the  emittance  shown 
in  Figure  2  is  smaller  because  it  was  obtained  after  a  careful 
optimization  of  all  injector  parameters  [5]. 

6  CONCLUSION 

The  applicability  of  transverse  phase  space  tomography 
has  been  demonstrated  at  the  TTF  electron  linac.  The 
technique  permits  a  reconstruction  of  the  transverse  phase 
space  distribution  and  allows  the  determination  of  the  emit¬ 
tance  and  the  optics  parameters.  Linearized  space  charge 
effects  have  been  included  in  the  beam  transfer  matrix. 
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_  2Nre  1 

\/2n  CTx((Tx+cry)(Tz'y3 

_  2Nre  1 

y  ~  V2n  Vy(Px  +  Py)o-z 73 


(13) 


where  7  denotes  the  Lorentz  factor,  re  the  classical  elec¬ 
tron  radius,  ax,  cry,  and  az  the  rms  bunch  dimensions. 
Gaussian-shaped  bunches  are  assumed. 


5  MEASUREMENTS  AT  THE  TTF  LINAC 

A  set  of  quadrupole  scans  has  been  performed  behind  the 
TTF  photo  injector  and  the  capture  cavity  with  a  bunch 
charge  of  1  nC  and  a  beam  energy  of  16  MeV.  Here,  space 
charge  effects  cannot  be  neglected.  They  are  included  in 
the  analysis  in  linear  approximation  using  formulae  (13). 
The  horizontal  and  vertical  phase  space  density  of  the  TTF 
beam  is  shown  in  Figure  2.  The  normalized  emittances 
measured  are 

ex  —  (5.5  ±  2.5)mm  mrad  ,  ey  =  (9.5  ±  3)mm  mrad  . 

The  beam  emittance  has  been  determined  as  a  function  of 
the  strength  of  the  gun  solenoids.  A  variation  with  the  mag¬ 
netic  field  strength  has  to  be  expected  because  of  the  space 
charge  forces  acting  on  the  charge  distribution.  These  in¬ 
trinsic  forces  are  counter-balanced  by  the  solenoid  fields 
and  an  optimum  setting  has  to  be  found  for  every  bunch 
charge.  The  horizontal  emittance  is  plotted  in  Figure  3  for 
different  currents  in  the  primary  solenoid  [5].  An  normal¬ 
ized  emittance  of  ex  —  11.8  mm  mrad  has  been  obtained 
during  the  scan  of  the  primary  solenoid  current  between 
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Abstract 

The  longitudinal  charge  distribution  of  an  electron  bunch 
can  be  determined  from  the  coherent  transition  radiation 
emitted  when  the  bunch  crosses  a  thin  metal  foil.  A  Joseph- 
son  junction  made  from  a  thin  film  of  YBa2Cu307_r  on  a 
bicrystal  substrate  is  used  as  a  detector  for  transition  radi¬ 
ation  in  the  millimeter  and  submillimeter  range.  The  spec¬ 
tral  intensity  of  the  radiation  and  the  longitudinal  form  fac¬ 
tor  of  the  bunch  are  derived  by  applying  a  Hilbert  transfor¬ 
mation  to  the  radiation-induced  modification  of  the  current- 
voltage  characteristic  of  the  Josephson  junction.  The  physi¬ 
cal  principles  of  a  Josephson  junction  as  a  detector  for  sub¬ 
millimeter  radiation  are  outlined  and  a  first  bunch  length 
measurement  is  presented. 

1  INTRODUCTION 

Future  electron-positron  linear  colliders  as  well  as  electron 
drive  linacs  for  Free  Electron  Lasers  (FEL)  in  the  X-ray 
regime  require  the  production  and  acceleration  of  bunches 
whose  length  is  in  the  50-100  pm  range  [1],  To  determine 
the  bunch  length,  frequency-resolved  techniques  are 
adequate  such  as  far-infrared  grating  spectroscopy  [2]  or 
Fourier-transform  spectroscopy  [3,  4,  5].  If  the  wavelength 
exceeds  the  bunch  length,  all  electrons  in  the  bunch  radiate 
coherently  and  the  longitudinal  charge  distribution  in 
the  bunch  can  be  obtained  by  Fourier  transformation  of 
the  measured  frequency  spectrum.  The  spectrometers 
used  for  such  measurements  are  usually  equipped  with 
mechanically  movable  elements  like  mirrors  or  gratings, 
hence  the  recording  of  the  entire  frequency  spectrum  may 
last  several  minutes  and  an  average  over  many  successive 
bunches  has  to  be  taken. 

Hilbert-transform  spectroscopy  based  on  the  ac  Josephson 
effect  offers  the  possibility  of  high-speed  spectroscopy  in 
the  millimeter-  and  submillimeter-wavelength  range  [6]. 
This  technique  might  even  permit  single-bunch  measure¬ 
ments.  The  principle  is  to  investigate  the  modification  of 
the  current-voltage  characteristic  of  a  Josephson  junction 
due  to  incident  radiation.  Applying  a  Hilbert  transforma- 

*  present  adress:  CERN,  CH-121 1  Geneva  23 

t  home  adress:  Univ.  Hamburg,  D-20146  Hamburg 

*  home  adress:  IRE,  Moscow  103907,  Russian  Federation 


tion  the  frequency  spectrum  of  the  radiation  can  be  derived 
and,  after  Fourier  transformation,  the  charge  distribution 
in  the  bunch  can  be  calculated.  A  Hilbert  transform  spec¬ 
trometer  has  been  tested  at  the  TESLA  Test  Facility  (TTF) 
linac.  In  a  first  stage  the  device  is  able  to  measure  the  aver¬ 
age  bunch  length  during  a  macropulse. 

2  PRINCIPLE  OF  THE  BUNCH  LENGTH 
MEASUREMENT 

Transition  radiation  is  produced  when  relativistic  charged 
particles  pass  the  interface  between  two  materials  of  differ¬ 
ent  dielectric  properties.  By  arranging  the  radiatior,  here  a 
thin  aluminum  foil,  at  an  angle  of  45°  with  respect  to  the 
beam  direction,  the  radiation  is  emitted  at  90°  and  can  eas¬ 
ily  be  extracted  from  the  vacuum  chamber  through  a  quartz 
window.  The  spectral  intensity  emitted  by  a  bunch  of  N 
particles  can  be  expressed  as 

It„t(u>)  =  h(u){N  +  N(N  -  l)|/(u,)|2}  (1) 

where  I\  (w)  is  the  intensity  radiated  by  a  single  electron 
at  a  given  frequency  w  and  /(w)  is  the  bunch  form  fac¬ 
tor  [7,  8,  9],  defined  as  the  Fourier  transform  of  the  nor¬ 
malized  charge  distribution  p.  Neglecting  the  transverse 
charge  distribution  the  form  factor  f(u)  becomes 

/(w)  =  J  p(z)exp^- — 'jdz  =  J  c-p(c-t)  exp  (iu>t)dt  . 

(2) 

For  wavelengths  in  the  order  of  the  bunch  length  and 
longer,  the  form  factor  approaches  unity.  The  emitted  radi¬ 
ation  is  then  coherent  and  permits  a  direct  measurement  of 

I/HI2. 

3  PRINCIPLE  OF  HILBERT 
TRANSFORM  SPECTROSCOPY 

A  Josephson  junction  serves  as  a  Hilbert  transform  spec¬ 
trometer.  The  electric  properties  of  a  junction  are  deter¬ 
mined  by  Cooper-pair  tunneling  which  leads  to  the  I-U 
characteristic  shown  as  the  dashed  curve  in  Fig.  1.  A 
dc  current  I0  can  be  passed  through  the  junction  without 
observing  a  voltage  drop  as  long  as  the  current  stays  be¬ 
low  a  critical  value  Ic  (dc  Josephson  effect).  For  currents 
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above  Ic  a  voltage  drop  across  the  junction  is  observed  ac¬ 
companied  with  an  alternating  current  whose  frequency  is 
given  by  the  relation  w  =  2eU/h  (ac  Josephson  effect, 
fJos  =  w/2 tt  =  483.6  GHz  for  U  =  1  mV).  When  the 


Figure  1 :  Dashed  curve:  voltage  across  the  junction  as  a 
function  of  the  dc  bias  current.  Solid  curve:  modification 
of  dc  characteristic  curve  due  to  monochromatic  incident 
radiation. 


4  MEASUREMENT  OF  THE  COHERENT 
SPECTRUM 

High-Tc  Josephson  junctions  were  fabricated  by  epitaxial 
growth  ofYBazCusOr-x  on  NdGaOs  bicrystal  substrates. 
A  schematic  view  of  the  detector  which  incorporates  the 
antennas  for  millimeter  and  submillimeter  wave  detection 
is  shown  in  Figure  2.  The  grain  boundary  leads  to  a  thin 
resistive  barrier  between  the  two  superconductors,  which 
then  acts  as  a  Josephson  junction.  Electrical  connections 
to  bias  the  junction  with  a  dc  current  and  to  measure  the 
potential  difference  across  the  junction  are  bonded  to  the 
antennas.  The  junction  features  a  large  dynamic  range  of 


Josephson  junction  is  exposed  to  monochromatic  radiation 
of  (angular)  frequency  lj  the  current- voltage  characteristic 
acquires  a  current  step  A I  at  the  voltage  U  —  (ftw/2e), 
see  Figure  1  (U  is  obtained  by  averaging  over  the  Joseph¬ 
son  oscillation).  Within  the  framework  of  the  Resistively 
Shunted  Junction  (RSJ)  model  [11],  and  in  small-signal  ap¬ 
proximation,  the  magnitude  of  this  step  is  proportional  to 
the  power  of  the  incident  radiation.  Hence  the  junction  acts 
as  a  quadratic  detector  and  can  be  used  to  measure  the  spec¬ 
tral  intensity  of  a  continuous  radiation  spectrum.  For  this 
purpose  we  define  a  characteristic  function 


n(m-*  A  AI(u)mu 

9K  ]  tt  2e  R2I? 


(3) 


where  R  is  the  ohmic  resistance  of  the  junction.  The  spec¬ 
tral  intensity  is  derived  from  g  by  an  inverse  Hilbert  trans¬ 
form  [6] 


c,t  \  1  ^  f°°  9{uo)dw0  2e  — 

S(lo)  =  —V  — — -  where  ui0  =  —  U  . 

tt  J_OQ  w-u  o  n 


Here  V  denotes  the  principal  value  of  the  integral. 


(4) 


To  determine  the  function  g  the  voltage-current  character¬ 
istic  of  the  Josephson  junction  is  scanned  with  and  without 
incident  radiation,  increasing  the  bias  current  Io  in  small 
steps.  At  each  step  the  voltage  U  and  its  modification  AU 
due  to  the  radiation  are  measured.  A /  is  computed  using 
the  differential  resistance  Rd  =  dU /dl  derived  from  the 
unperturbed  I-U  curve. 


Figure  2:  A  schematic  view  of  the  Josephson  junction  used 
as  a  detector  for  millimeter  and  submillimeter  wave  radia¬ 
tion. 

about  105  and  a  high  sensitivity  of  »  10~14  W/Hz1^2 
Noise  Equivalent  Power  (NEP)  to  millimeter-  and  submil¬ 
limeter  radiation  [13].  The  resolution  is  around  1  GHz  in 
the  temperature  range  from  4  to  78  K  [14], 

The  TTF  linac  was  operated  with  a  thermionic  gun 
producing  bunches  with  2.3  •  108  electrons  at  a  repetition 
rate  of  216  MHz.  The  macropulse  length  was  30  gs  at 
a  repetition  rate  of  2  Hz.  Using  the  compression  of  a 
sub-harmonic  buncher  and  a  superconducting  cavity  an 
rms  bunch  length  of  at  =2  ps  was  achieved  [5,  12]. 
Fig.  3  shows  the  measured  voltage  response  of  the  junction 
to  incident  transition  radiation  and  the  function  g(U) 
(as  defined  by  Equation  (3)).  At  small  voltages  U  the 
internal  noise  of  the  detector  becomes  large  hence  g  is 
obtained  in  this  region  by  a  smooth  extrapolation.  The 
intensity  spectrum  is  calculated  using  an  algorithm  of 
discrete  Hilbert  transform.  Fig.  4  shows  the  evaluated 
coherent  radiation  spectrum.  The  spectrum  is  plotted  in  the 
frequency  range  between  60  and  260  GHz.  Points  below 
100  GHz  are  marked  by  crosses  and  have  to  be  treated  with 
care.  The  decrease  towards  smaller  frequencies  is  mainly 
due  to  the  cut-off  frequency  (60  GHz)  of  the  WR-10-type 
waveguide  which  guides  the  radiation  to  the  junction. 

The  main  systematic  uncertainty  of  the  present,  pre¬ 
liminary,  experiments  originates  from  the  wavelength- 
dependent  acceptance  of  the  transmission  line  guiding  the 
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Figure  3:  Upper  graph:  The  detector  response  A U  as  a 
function  of  U.  Lower  graph:  The  characteristic  function  g, 
as  defined  by  Equation  (3),  plotted  versus  U .  The  solid  line 
shows  an  extrapolation  of  g  for  small  U . 


radiation  to  the  detector.  The  point-to-point  errors  are  dom¬ 
inated  by  the  read-out  errors  of  the  voltage  response  A  U 
of  the  junction.  These  values  were  determined  from  a 
digital  oscilloscope  after  averaging  over  15  seconds.  The 
present  data  are  not  accurate  enough  to  determine  the  de¬ 
tailed  shape  of  the  longitudinal  charge  distribution.  There¬ 
fore,  a  Gaussian  shape  has  been  assumed.  The  Gaussian  fit 
applied  to  the  data,  shown  as  a  solid  line  in  Fig.  4,  yields 

af  =  (78  ±  12)  GHz  or  at  =  (2.0  ±  0.2)  ps  .  (5) 

The  error  quoted  is  the  statistical  error  of  the  fit.  The 
systematic  error  of  the  analysis  is  dominated  by  the  low- 
frequency  attenuation  of  the  coherent  radiation  spectrum. 


It  is  estimated  to  be  in  the  order  of  20%  -  30%. 

5  CONCLUSION  AND  OUTLOOK 

A  Josephson  junction  has  been  successfully  used  as  a 
frequency-selective  detector  for  millimeter  and  submil¬ 
limeter  wave  radiation  and  for  a  first  bunch  length  mea¬ 
surement  at  the  TESLA  Test  Facility  Linac.  It  is  planned 
to  improve  the  detector  by  mounting  it  into  a  cryostat 
with  direct  optical  coupling  of  the  radiation  onto  the  detec¬ 
tor.  The  bandwidth  of  the  read-out  electronics  will  be  en¬ 
hanced  to  permit  measurements  of  selected  bunches  within 
a  macropulse. 
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Figure  4:  The  coherent  radiation  spectrum  as  obtained  from 
a  discrete  Hilbert  transform  of  the  characteristic  function  g. 
Solid  line:  Gaussian  fit  to  the  power  spectrum. 
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Abstract 

The  longitudinal  profile  of  an  10  nC  electron  bunch  of  a 
few  picoseconds  duration  will  be  measured  by  electro-optic 
detection  of  the  Wakefield.  The  polarization  of  a  short  in¬ 
frared  probe  laser  pulse  (derived  from  the  photocathode 
excitation  laser)  is  modulated  in  a  LiTaC>3  crystal  by  the 
transient  electric  field  of  the  bunch.  The  bunch  profile  is 
measured  by  scanning  the  delay  between  the  laser  and  the 
bunch,  and  is  sensitive  to  head/tail  asymmetries.  A  single¬ 
shot  extension  of  the  technique  is  possible  using  a  longer 
chirped  laser  pulse. 

1  PICOSECOND  BUNCH  LENGTH 
MEASUREMENTS 

The  generation  and  manipulation  of  very  short  electron 
bunches  is  important  for  many  applications  including  fu¬ 
ture  linear  colliders,  free  electron  lasers  (FELs),  and 
plasma  wakefield  acceleration.  Consequently,  methods 
of  measuring  the  bunch  length  and  temporal  profiles  of 
charged  particle  beams  on  picosecond  and  sub-picosecond 
time  scales  have  attracted  great  interest. 

Notable  recent  efforts  have  used  coherent  radiation  from 
an  electron  bunch.  Coherent  transition  radiation  (CTR)  has 
been  analyzed  with  far-infrared  interferometry  [1,2]  with 
impressive  results.  Since  the  measured  signal  is  an  auto¬ 
correlation,  it  is  symmetric  in  time  and  insensitive  to  head- 
tail  asymmetries.  Cherenkov  radiation  has  been  examined 
with  a  200-fs  streak  camera  [3],  Below  1  ps,  streak  cameras 
are  increasingly  costly  and  inefficient.  A  Hilbert  tranform 
spectrometer  employing  a  Josephson  junction  detector  [4] 
can  also  be  used  to  analyze  the  millimeter  and  submillime¬ 
ter  radiation  from  CTR. 

Ideally,  it  is  desirable  to  know  the  longitudinal  phase 
space  distribution  function,  not  just  the  rms  width  (the 
bunch  length)  of  this  distribution.  Frequency-domain  tech¬ 
niques  may  suffer  from  the  problem  of  missing  phase  infor¬ 
mation,  though  recontructing  the  charge  density  from  the 
form  factor  using  Kramers-Kronig  relations  [5]  may  be  an 
improvement.  Time-domain  techniques  do  not  suffer  from 
requiring  a  priori  assumptions  on  the  longitudinal  bunch 
shape.  A  recent  example  of  a  time-domain  study  using  an 
rf  zero-phasing  method  is  Wang,  et  al.  [6],  The  imposed 
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longitudinal  momentum  spread  of  the  zero-phasing  cavities 
is  transformed  into  a  horizontal  position  spread  in  a  spec¬ 
trometer  bend.  However,  the  intrinsic  energy  spread  of  the 
bunch  must  be  small  compared  with  the  correlated  energy 
spread  from  the  zero-phasing  cavities.  This  condition  is 
well  satisfied  by  the  DC  thermionic  beam  of  Wang,  et  al., 
and  they  achieve  100  fs  resolution.  For  a  high-brightness 
photoinjector  beam,  this  condition  seems  difficult  to  sat¬ 
isfy. 

For  beams  of  high  average  power,  such  as  the  TESLA 
design  [7],  non-interceptive,  minimally  invasive  measure¬ 
ment  techniques  are  desired.  Our  current  effort  is  to 
develop  a  time-domain  longitudinal  profile  measurement 
based  on  electro-optic  sampling  at  Fermilab’s  A0  Photo  In¬ 
jector  (A0PI),  made  possible  by  the  combination  of  a  high- 
charge  (10  nC)  high-brightness  electron  beam  and  synchro¬ 
nized  picosecond  laser  pulses. 

2  ELECTRO-OPTIC  SAMPLING 

In  a  nonlinear  optical  crystal,  an  applied  electric  field  mod¬ 
ulates  the  polarization  of  light  passing  through  the  crystal. 
This  electro-optic,  or  Pockels  effect  has  wide-ranging  ap¬ 
plications. 

The  principle  of  electro-optic  sampling  (EOS)  is  to  use 
a  short  laser  pulse  as  a  probe  of  the  fields  in  the  crystal 
by  measuring  a  polarization  change  as  the  relative  delay  is 
scanned.  Since  the  first  studies  of  EOS  on  an  electric  field 
injected  into  a  crystal  [8, 9],  EOS  has  been  demonstrated  in 
various  materials  to  have  multi-THz  bandwidths  [10,  11]. 
Electro-optic  detection  of  field  transients  propaging  in  free 
space  has  been  demonstrated  in  the  far-infrared  [12]  and 
also  in  the  mid-infrared  [13]. 

The  passage  of  a  very  short,  high-charge,  relativistic 
electron  bunch  is  accompanied  by  a  strong  transient  elec¬ 
tric  field-the  wake  field.  In  the  lab  frame,  the  electric  field 
is  relativistically  flattened  to  a  radial  pancake.  A  simple 
estimation  of  the  magnitude  of  the  field  may  then  be  ob¬ 
tained  using  Gauss’  law.  Treating  the  electron  bunch  as  a 
line  charge  ( Q  =  10  nC),  the  radial  field  is 

[  E  ■  d  A  —  —  (1) 

Js  eo 

'£''  =  d^=3MV/m-  (2) 

where  we  have  taken  the  bunch  length  to  be  l  =  3  mm 
for  a  10  ps  bunch,  and  have  evaluated  the  field  at  a  radius 
a  =  2  cm. 
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Calculating  wake  fields  or  the  Fourier  transform  beam 
impedances  [14]  is  an  important  research  activity.  A  more 
accurate  calculation  including  the  boundary  conditions  of 
the  beampipe  walls  can  be  made  with  various  computer 
codes.  For  example,  ABCI  gives  for  the  iris  of  the  A0PI 
gun  a  field  magnitude  \Er  |  =  1.5  MV/m. 

2. 1  The  Photo  Injector  Beamline 

Fermilab’s  A0PI  is  a  TESLA  prototype  injector  [15,  16] 
with  a  Cs2Te  photocathode  in  a  1 .625-cell  L-band  Cu  gun 
with  a  solenoid  lens.  A  superconducting  Nb  9-cell  “cap¬ 
ture”  cavity  [17]  accelerates  the  beam  to  18  MeV  followed 
by  magnetic  compression  in  a  dipole  chicane. 

The  laser  system  is  described  elsewhere  [18, 19].  Briefly, 
an  actively  modelocked  Nd:YLF  oscillator  at  81.25  MHz 
is  phase-locked  to  the  rf  with  ~  1-2  ps  rms  jitter.  These 
pulses  are  stretched  and  chirped  in  a  2  km  single-mode 
fiber.  A  fast  electro-optic  pulse  picker  selects  a  1  MHz 
pulse  train  for  amplification  in  a  chain  of  Nd:glass  am¬ 
plifiers.  After  grating  compression  to  1-2  ps  FWHM, 
the  1054  nm  infrared  pulses  pass  through  two  BBO  crys¬ 
tals,  generating  the  second  and  fourth  harmonics  to  green 
(532  nm)  and  UV  (263.5  nm).  Full  charge  operation  re¬ 
quires  3-5  fiJ  UV  per  pulse  for  quantum  efficiencies  of  or¬ 
der  1%  ,  and  the  laser  can  provide  200  psec  pulse  trains 
adequate  for  full  charge,  and  longer  800  psec  trains  at  re¬ 
duced  charge. 

After  the  harmonic  generation  crystals,  a  dichroic  beam¬ 
splitter  separates  the  colors:  the  unconverted  infrared 
passes  through  a  delay  stage  (with  a  stepper  motor)  and 
is  expanded  and  transported  to  the  beamline  enclosure  as 
a  probe  beam;  the  UV  is  expanded  and  transported  to  the 
cathode.  Since  the  ~1  ps  UV  pulse  is  undesirably  short,  it 
will  be  temporally  manipulated  to  a  10  ps  quasi-flattop  by  a 
pulse  stacker.  The  pulse  stacker  is  a  compact  arrangement 
of  multiple  delay  lines  arranged  around  a  single  UV  beam¬ 
splitter  [20]  and  this  work  in  progress  will  be  described 
separately.  Both  the  infrared  and  UV  beams  share  the  same 
evacuated  transport  line,  and  so  are  combined  and  sepa¬ 
rated  at  either  end  with  dichroic  beamsplitters.  From  the 
first  dichroic  to  the  cathode,  the  UV  transmission  is  mea¬ 
sured  to  be  78  ±  2%. 

2.2  Expected  Signal 

We  have  chosen  a  crystal  of  lithium  tantalate  (LiTaOs) 
based  on  the  high  electro-optic  coefficient  and  good  trans¬ 
parency  at  our  infrared  laser  wavelength  and  at  the  mil¬ 
limeter  waves  of  the  transient  field.  The  crystal  is  7  mm  x 
8  mm  x  1.5  mm,  and  is  cut  with  the  c-axis  (with  ex¬ 
traordinary  index  of  refraction  ne  )  parallel  to  the  longest 
dimension,  and  the  6-axis  the  shortest  dimension  (ordinary 
index  n0  for  this  and  the  a-axis).  See  Fig.  1 . 

To  avoid  conductors  which  perturb  the  electric  fields,  the 
crystal  is  mounted  in  a  vacuum  cross  with  a  machined  Ma- 
cor  ceramic  holder,  and  is  just  recessed  into  the  cross  to 
avoid  behind  hit  by  the  beam. 


Lithium  Tantalate  (LiTaOs) 


c-axis 


Figure  1:  Electro-Optic  Crystal:  Detailed  Axis  Geometry 

The  probe  laser  is  linearly  polarized  at  45°  with  respect 
to  the  ordinary  and  extraordinary  optic  axes.  The  laser  and 
the  transient  pulse  propagate  colinearly  in  the  y-direction, 
which  coincides  with  the  crystal  6-axis.  Due  to  the  static 
birefringence,  the  laser  (hu)  becomes  elliptically  polar¬ 
ized: 

fynat  =  -(ne-n0)6y,  (3) 

c 

An  additional  phase  shift  is  acquired  in  the  presence  of  the 
transient  field: 

&j>tra(T)=-n30r22Etra(T)6y.  (4) 

c 

where  the  appropriate  electro-optic  coefficient  is 
r22  =  1  x  10~12m/V  and  the  index  is  n0  =  2.154,  so 
that  a  1  MV/m  field  accumulated  over  2  ps  (ct  =  0.6  mm) 
gives  a  phase  shift  of  36  mrad,  or  ~  2°. 

This  phase  shift  is  analyzed  by  a  polarizing  cube  beam¬ 
splitter  and  two  photodiodes  (see  Fig.  2).  The  static  bire¬ 
fringence  is  compensated  by  a  waveplate  which  balances 
the  current  in  the  two  photodiodes.  By  detecting  the  differ¬ 
ence  current  between  the  pair  of  photodiodes,  small  pho¬ 
tomodulation  depths  can  be  observed,  particularly  with  the 
signal  averaging  of  a  lock-in  amplifier.  While  it  may  be 
possible  to  use  a  lock-in  with  our  1  MHz  pulse  trains,  we 
have  concentrated  on  single-shot  difference  current  mea¬ 
surements.  While  10-3  is  adequate  for  the  above  estimate 
(~  1%),  and  increased  signal-to-noise  ratio  is  greatly  de¬ 
sired. 

Group  velocity  mismatch  between  the  probe  laser  and 
the  transient  field  causes  slippage,  and  degradation  of  the 
time  resolution.  The  common  approach  is  to  use  a  very 
thin  crystal,  or  a  complicated  geometrical  phase  matching. 
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Figure  2:  The  probe  laser  passes  completely  through  a  vac¬ 
uum  cross  with  the  LiTaOa  crystal  mounted  in  a  Macor 
holder  (not  shown).  The  polarization  change  is  analyzed  by 
a  polarizing  beam  splitter  (PBS),  balanced  with  a  quarter- 
wave  plate  (QWP)  and  detected  with  a  balanced  pair  of 
photodiodes  (PD). 


We  have  chosen  a  simple  colinear  geometry  [21,  22]  since 
for  the  large  group  velocity  mismatch  of  LiTa03,  the  tran¬ 
sient  field  is  nearly  stationary  so  that  the  laser  sweeps  over 
the  entire  portion  of  the  waveform  that  is  inside  the  crystal. 
The  desired  waveform  is  recovered  by  numerical  differen¬ 
tiation. 

3  EXPERIMENTAL  PROGRAM 

Once  the  issues  of  signal  detection,  timing,  data  acquisi¬ 
tion,  etc.  are  resolved,  there  are  several  interesting  studies 
that  can  be  done.  A  careful  study  of  magnetic  bunch  com¬ 
pression  in  the  dipole  chicane  would  allow  comparison  of 
the  bunch  length  (and  profile)  measured  with  electro-optic 
sampling  to  traces  of  a  streak  camera.  Since  the  UV  pulse 
length  on  the  cathode  has  some  degree  of  adjustability,  the 
optimum  can  be  found. 

An  extension  of  this  scheme  to  a  single-shot  measure¬ 
ment  using  a  longer  chirped  laser  pulse  and  a  grating  spec¬ 
trograph  [23]  is  under  consideration.  In  this  case,  the  cor¬ 
relation  of  frequency  versus  time  (the  chirp)  replaces  the 
scanning  delay,  although  the  time  resolution  is  broadened 


due  to  a  convolution  effect.  As  the  technology  of  picosec¬ 
ond  semiconductor  diode  lasers  improves  [24],  it  may  be 
possible  to  greatly  reduce  the  size,  cost,  and  complexity  of 
the  laser,  so  that  a  stand-alone  electro-optic  bunch  length 
monitor  might  be  realized. 
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Abstract 

The  paper  discusses  the  method  and  principle  of  bunch 
length  measured  by  HP54121T  20GHz  digital  sampling 
oscilloscope  in  Hefei  Light  Source  (HLS)  ring.  The 
measurement  results  of  the  bunch  length  and  the  energy 
spread  are  given.  The  rms.  bunch  length  is  about  3.8  ~ 
10.33cm.  A  new  theory  on  the  bunch  lengthening  is  used 
to  explain  the  experimental  results.  It  is  proved  that  the 
beam-cavity  interaction  is  the  most  important  factor  to 
the  multi-bunch  lengthening  of  HLS. 

1  INTRODUCTION 

As  bunch  length  and  its  lengthening  have  an  influence 
on  the  machine  performance  in  an  electron  storage  ring, 
these  measurements  are  very  important.  Several  methods 
to  measure  the  bunch  lengths  have  been  developed,  for 
example,  electronic  measurement,  optical  measurement 
and  optoelectronic  measurement.  We  use  a  20  GHz 
digital  sampling  oscilloscope  to  measure  the  bunch 
length  and  its  lengthening.  In  this  method,  a  bandwidth 
stripline  electrode  with  a  length  of  L=30cm  and  an 
impedance  of  Z0=50  Q  is  used  for  picking  up  beam 
signal. 

There  are  two  sorts  of  theories  to  explain  the  bunch 
lengthening  and  the  energy  spread  widening,  i.e.  the 
potential  well  distortion  and  microwave  instability.  But, 
the  existing  theories  are  difficult  to  explain  the 
experimental  results.  In  the  reference[l],  the  distribution 
function  of  the  particles  is  gained  with  the  statistical 
mechanics  method  for  intense  current.  The  theory  unites 
the  existing  potential  well  distortion  and  microwave 
instability.  The  theory  proves  that  the  bunch  lengthening 
is  a  multi-bunch  effect  in  nature.  So  the  theory  points  out 
the  importance  of  the  narrow-band  impedance  to  the 
bunch  lengthening. 

2  MEASUREMENT  PRINCIPLE 

2. 1  Stripline  monitor 

The  stripline  is  an  electrode  with  the  characteristic 
impedance  Z0,  usually  longer  than  the  characteristic 
bunch  length.  By  a  suitable  choice  of  the  ratio  between 
*  Work  supported  by  Chinese  Academy  of  Sciences  contact  KJ85-3 
"Email:  bgsun@ustc.edu.cn 


the  stripline  width  and  distance  from  the  vacuum  pipe, 
the  characteristic  impedance  is  made  50Q.  The  electrode 
is  terminated  at  both  ends  via  coaxial  vacuum 
feedthrough  into  termination  loads  matched  to  Z0  . 

In  principle  we  get  a  useful  signal  only  at  the  up¬ 
stream  terminal  of  the  monitor.  The  voltage  signal  at  the 
up-stream  load  resistor  is  a  doublet  of  opposing  polarity 
reproducing  the  longitudinal  time  distribution  of  the 
beam  current  and  separated  in  time  by  an  interval 
At=2L/c,  where  L  is  the  stripline  length.  So,  the  time 
domain  voltage  signal  of  the  matched  stripline  at  the  up¬ 
stream  terminal  for  a  centred  beam  [2]  is 

v(0  «  ~ (-£-)  4  (0  -  4  (*  ~  — )  (U 

2  2n  l  c 

Where,  a  is  the  opening  angle  of  the  stripline,  ib(t)  is  the 
instantaneous  beam  current,  L  =30  cm. 

The  voltage  signal  of  stripline  at  the  up-stream  pot  on 
HP54121T  20GHz  digital  sampling  oscilloscope  is 
shown  Fig.l.  Here,  the  negative  pulse  is  signal  sensed  on 
stripline  by  the  beam  ib  (t).  Therefore,  the  pulse  width  of 
the  beam  signal  may  be  measured  by  the  voltage  signal 
of  the  stipline. 


0  1  2  3  4  5 

Time  (Ins/div) 

Figure  1 :  The  voltage  signal  of  the  stripline  on 
HP54121T 

2.2  The  relation  between  the  bunch  length  and 
the  FWHM  of  the  time  domain  beam  signal 

We  can  assume  that  the  bunch  has  a  Gaussian 
longitudinal  distribution  in  a  ring.  So,  the  beam  current 
ib(t)  can  be  expressed  in  the  time  domain  as 

cV 

4(0  =  IP  exP(-  ~  j)  (O 
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Here,  cs  is  the  bunch  length,  Ip  is  the  peak  current  of  a 
bunch. 

Because  the  pulse  width  of  the  beam  signal  can  be 
expressed  as  the  FWHM,  we  get 

a=cxFWHM/2.3548  (3) 

Therefore,  the  bunch  length  is  got  by  measuring  the 
FWHM  of  the  beam  signal. 

3  THE  SYSTEM  COMBINATION 

This  bunch  length  measurement  system  consists  of  a 
stripline  monitor,  an  attenuator,  a  20GHz  digital 
sampling  oscilloscope  HP54121T  (Four  Channel  Test 
Set  HP54121A  and  Mainframe  HP54120B),  a  RF  trigger 
system  and  a  printer  HP2225AB.  A  block  diagram  of 
this  system  is  shown  in  Fig.2. 


Figure  2:  A  block  diagram  of  the  bunch  length 
measurement  system 

4  BUNCH  LENGTHENING  AND 
ENERGY  SPREAD  WIDENING 

4.1  The  measured  result  of  the  bunch 
lengthening  and  energy  spread  widening 

We  measure  the  FWHM  of  the  beam  signal  with  the 
bunch  length  measurement  system  in  various  beam 
currents[3].  The  rms.  bunch  length  is  about  3.8  ~  10.33 
cm.  The  measured  results  are  shown  in  Fig.3.  I  is  the 
total  current  of  forty  five  bunches. 


I  (m^ 

Figure  3:  Bunch  length  vs.  beam  current 


The  energy  spread  is  measured  by  decreasing  the 
longitudinal  acceptance  via  lowering  the  RF  voltage 
until  the  longitudinal  quantum  lifetime  becomes 
dominant.  Then  we  can  get  the  energy  spread  from 
measured  quantum  lifetime  and  the  height  of  the  RF 
bucket.  The  measured  results  are  shown  in  Fig.  4 


I  (mA) 

Figure  4:  Energy  spread  vs.  beam  current 


4.2  The  new  theory  on  bunch  lengthening 

The  change  of  the  particle  energy  in  the  interaction 
between  the  beam  and  the  environment  is  written  by[l] 
Uw(t,e)  =  -UW0+Bt  +  2T0ase  (4) 

Where,  U^,  B,as  are  independent  of  t  and  e.  as  is  the 
growth  rate  of  longitudinal  instability  generated  by  the 
interaction  of  the  beam  and  the  environment. 

So,  the  bunch  lengthening  and  the  energy  spread 
widening  have  given  by 


Here,  Q  = 


55hrem0c4y7 

48nf3R3 


a.  —  ot. 


os  =  C7e\  27iheVlf  |cos  (ps  |  2 

cj0  ° £o  2nh eVtf  [cos  <ps  |  +  BT0 

Where,  ar  is  the  factor  of  damping,  (ps  is  the  synchronous 
phase  at  zero  current,  (ps  is  the  new  synchronous  phase 

under  the  interaction  of  the  beam  and  the  environment,  h 
is  the  harmonic  number,  is  the  natural  bunch  length, 
ctEo  is  the  natural  energy  spread.  In  HLS, 
as0  =  3.16cm,  <r£0  /  E0  =  4.6X10"4 

For  the  inductive  wall  model,  U^,  Bjn  and  as  in  Eq. 
(4)  respectively  are 

rr  •„  V2^/?2c/Jz„| 


Uwo  —  b:  —  - 


a.-o 


Where,  R  is  the  average  radius  of  the  machine, 
IZ„/nl0,  the  longitudinal  impedance  of  the  machine. 

So,  the  effect  of  the  inductive  wall  only  generates 
the  bunch  lengthening,  while  the  energy  spread  does  not 
vary.  The  bunch  lengthening  is  given  by  the  following 
equation 
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1^0  J  Wjcos^l  J 

For  the  microwave  instability  model,  cc^O.  So,  the 
bunch  lengthening  and  the  energy  spread  widening  are 

g£  _  eh  R  ^11  __  (g) 

E0  ,  V2 ftE0ocp  Cs  ^  n  crit  cso  cr£0 

Where,  IZj/nl^,  is  the  impedance  at  the  threshold  of  the 
microwave  instability. 

If  the  inductive  wall  model  and  the  microwave 
instability  are  regarded  together,  the  bunch  lengthening 
is  given  by  the  following  equation 

| XY  Jtoh  fz„  +z1L  )  (9) 

l  R  )  *V*|cosp,|[  n  0  n  cril  ^ 

At  the  threshold  of  the  microwave  instability,  the 
bunch  length  given  the  Eq.  (7)  should  be  equal  to  the 
bunch  length  by  the  Eq.  (9).  Then 
(  \7  \  \'A 


UK0  =  2  eI^e-KW^'^ZR{KMco0) 


BC  =eIa)o%e 


{KM+jj)"a>Z<7sl2c- 


[( KM+H)Z ; 


-(KM -fl)2  (1150,12c1 


(km -m)z; 


■  2e'KlMM^ncl KMZi  ] 


as  =  l2c*  [(KM  +  fi)Z* 

AjtvsE0  S 


-( KM-/j)2o$<ts/2c 2 


(KM-fi)Z;] 


Where,  Uwo  indicates  the  change  of  synchronous  phase 
generated  by  Z(to)  so  as  to  generate  the  bunch 

lengthening;  Bc  indicates  the  RF  potential  well  distortion 
generated  by  Z(co)  so  as  to  generate  the  bunch 

lengthening;  as  is  the  growth  rate  of  longitudinal 
instability  generated  by  Z(co)  so  as  to  generated  the 
energy  spread  widening. 

The  experiments  have  shown  that  the  longitudinal 
instability  occurs  at  a  low  current  threshold  of 
10mA(total  current)  in  HLS[4].  Therefore,  the  beam- 
cavity  interaction  is  the  most  important  factor  to  the 
bunch  lengthening  of  HLS. 


For  long  bunch,  we  will  assume  that  the  frequency 
of  the  microwave  instability  is  lower  than  the  cut-off 
frequency.  So,  IZ11/nlcri=l  Z11/nl0.  Then, 

=V2crj0  (11) 

r  -  f £Ll2_Y  h**  C0S  P'l 

l  R  J 


_  2jFapE0(as0 


Where,  apis  the  momentum  compact  factor. 

According  to  the  parameter  of  the  machine,  we 
get 

IM—  =103.1  mV 

n  0 

If  it  is  considered  that  IZ„/nl0=10Q,  then 
1^=1 0.3mA.  That  is,  the  total  current  is  463.5mA. 
Substituting  Eq.  (12)  it  into  Eq.  (7),  we  get 

f  Y  f  \  , 

- £ - Y2-^-=0  (13) 

^sO  J  ^,0  J  1 blh 

According  to  Eq.  (13),  the  curve  of  the  bunch 
lengthening  computed  by  the  inductive  wall  model  is 
shown  in  Fig.3.  So,  the  microwave  instability  does  not 
occur  in  our  experiment. 

Now,  we  analyse  that  the  narrow  band  impedance 
acts  up  on  the  bunch  lengthening.  When  a  narrow  band 
impedance  Z(co)  acts  up  on  the  beam,  U„fl,  Bc  and  as  in 
Eq.  (4)  respectively  are 


5  CONCLUSION 

According  to  the  experimental  results  of  the  bunch 
lengthening  and  the  energy  spread  widening  in  HLS,  the 
conclusions  are  got  as  follows: 

(1) .  When  the  total  current  is  lower  than  10mA,  the 
bunch  lengthening  is  generated  by  the  inductive  wall, 
while  the  energy  spread  basically  maintained  constant,. 

(2) .  When  the  total  current  is  greater  than  10mA,  which 
is  the  threshold  current  of  the  longitudinal  instability,  it 
is  obvious  that  the  bunch  lengthening  and  the  energy 
spread  widening.  So,  above  10mA,  except  that  the  bunch 
lengthening  is  generated  by  the  inductive  wall,  the  bunch 
lengthening  and  the  energy  spread  widening  are  mainly 
generated  by  the  narrow  band  impedance. 

On  the  base  of  the  new  theory,  the  experimental 
results  of  the  bunch  lengthening  are  explained 
reasonably. 
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Abstract 

Measurements  of  longitudinal  pulse  length  of 
femtosecond  electron  beams  have  been  performed  by  the 
three  methodologies  at  the  35  MeV  S-band  twin  liner 
accelerators  at  Nuclear  Engineering  Research  Laboratory, 
University  of  Tokyo  [1].  The  methods  we  adopt  are  the 
femtosecond  streak  camera  with  a  dispersionless 
reflective  optics,  the  coherent  transition  radiation  (CTR) 
Michelson  interferometer  [2]  and  the  CTR  polychromator. 
The  results  were  compared  with  one  another,  and  the 
reliabilities  of  the  methods  to  diagnose  femtosecond 
electron  pulses  have  been  discussed. 


2  DIAGNOSTICS  BY  CTR  METHODS 

2.1  CTR 

Transition  radiation  is  emitted  when  an  electron  passes 
the  interface  of  two  mediums  of  different  dielectric 
constants.  In  case  that  the  wavelength  of  the  radiation  is 
longer  than  the  bunch  length,  the  radiation  becomes  CTR. 
CTR  emitted  by  electron  pulses  carries  the  information  of 
bunch  distribution  and  we  can  derive  the  longitudinal 
shapes  of  the  electron  bunch  by  analyzing  the  frequency 
information. 


I  INTRODUCTION 

Now  it  has  become  possible  to  generate  femtosecond 
electron  pulses,  which  are  available  for  the  ultrashort  X- 
ray  generation  and  the  subpicosecond  pulseradiolysis  in 
our  facility.  In  near  future,  we  aim  to  product  and 
measure  a  10  fs  (FWHM)  electron  pulse  which  pulse 
length  is  shorter  than  the  time  resolution  of  the 
femtosecond  streak  camera  (200  fs  at  FWHM).  Therefore 
it  is  necessary  to  construct  an  alternative  diagnostic 
system  for  the  femtosecond  electron  pulse.  As  the 
alternative,  there  are  two  promising  methods  to  evaluate 
the  subpicosecond  pulse  shape,  both  of  which  use 
coherent  transition  radiation  (CTR)  emitted  by  the 
electron  pulses  in  frequency  domain.  The  first  is  the  CTR 
Michelson  interferometer,  which  utilizes  an 
autocorrelation  to  obtain  a  CTR  spectrum.  The  second  is 
the  CTR  polychromator,  which  enables  us  to  get  a  CTR 
spectrum  directly  by  a  single  shot.  It  is  very  important  to 
compare  the  results  by  these  methods  with  that  by  the 
femtosecond  streak  camera  in  order  to  confirm  the 
precision  of  the  methods.  In  this  paper,  we  describe  the 
principle  of  pulse  diagnostics  by  the  methods  and 
measure  subpico-  and  picosecond  electron  pulses,  which 
are  longer  than  the  time  resolution  of  the  streak  camera. 


*  Email:  jun@tokai.t.u-tokyo. ac.jp 


2.2  Michelson  interferometer 

From  the  interferogram,  the  power  spectrum  of  the 
radiation  IE(v)l2  is  given  by  the  Fourier  transformation  as 
follows, 


(i) 


Anc\RTf 

where  V  is  the  wavenumber,  S  (8)  is  the  light  intensity  of 
the  recombined  radiation  at  the  detector  which  expressed 
in  the  time  domain  with  an  additional  time  delay  8/c  for 
the  movable  mirror  minus  the  intensity  at  8— >±  °°  and 
R,T  are  the  coefficients  of  reflection  and  transmission  at 
the  beam  splitter,  respectively.  The  longitudinal  bunch 
form  factor  can  be  obtained  by, 

rs{8)e~nK5v'cdv 

^ ~  4tcc\RT\2 N2le(v)  ’  (2) 

where  N  is  the  number  of  electrons  in  the  bunch  and  Ie(v) 
is  the  radiation  intensity  emitted  from  a  single  electron. 
The  longitudinal  bunch  distributions  can  be  deduced 
under  an  assumption  of  the  asymmetric  bunch  distribution 
and  then  the  Kramers-Kronig  relation  is  used  with  the 
inverse  Fourier  transformation  as  follows, 

h{z)= f~A(v)exp[t(0g(v)  -  IJZVt)],  (3) 

Furthermore,  we  must  choose  theoretical  distribution 
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functions  of  the  electron  bunch  such  as  a  Gaussian 
distribution  or  an  exponential  distribution.  The  results  of 
these  methods  and  the  discussion  appear  in  the  following 
chapter. 

2.3  Polychromator 

Using  the  polychromator,  we  can  get  the  spectrum  of  the 
radiation  directly.  From  the  spectrum,  the  bunch 
distribution  can  be  deduced  by  the  same  procedure  as  that 
by  the  interferometry.  This  simplification  of  the  analysis 
is  one  of  the  advantages  of  the  polychromator  method. 
Another  advantage  is  that  it  enables  us  to  diagnose  the 
electron  beam  by  a  single  shot.  However,  the  information 
is  very  limited  by  the  number  of  detectors  (10  ch).  Hence 
we  must  be  careful  in  choosing  theoretical  extrapolation 
in  the  procedure  of  the  reconstruction. 

3  EXPERIMENT 


3.1  Experimental  setup 


We  performed  this  comparison  at  the  35L  linac  where  the 
achromatic-arc-type  magnetic  pulse  compressor  was 
installed.  In  the  experiment  the  longitudinal  bunch 
distributions  were  controlled  by  tuning  the  energy 
modulation  of  the  bunch  in  the  accelerating  tube  for  the 
magnetic  pulse  compression.  We  chose  subpico-  and 
picosecond  pulse  widths  and  performed  the  comparison 
among  the  femtosecond  streak  camera,  the  Michelson 
interferometry  and  the  polychromator  measurement  as 
shown  in  Fig.  1.  We  measured  the  transition  radiation  in 
the  far-infrared  region  emitted  by  an  electron  bunch  at  the 
Al-foil  put  in  the  air  after  the  50  (im-thick  Ti  window  at 
the  end  of  the  35L  linac.  We  used  liquid-He-cooled  Si 
bolometer  as  a  detector  for  the  far-infrared  radiation. 
The  major  beam  parameters  are  as  follows:  the  energy 
was  34  MeV,  the  pulse  length  is  from  about  600  fs  to  8.0 
ps  (FWHM)  and  the  electron  charge  per  bunch  is 
controlled  to  be  10  to  100  pC  avoiding  the  over-scale  of 
the  detectors. 

Femtosecond  Streak  Camera 

b - — \ 

Electron  Beam  1\ 


Si  Bolometer 
Monitor 

u- 


_ \  , : 

Beam  Splitter  1 1 

1  ^ 

i 

I  Movable  \ 

N  1  Mirror  \  / 

t  FixedMirror  o 

CTR  Michelson 
Interferometer 


Mirror  CTR 

Polychromator 


Fig.l  Experimental  setup 


3.2  Procedure  of  analysis 

On  the  bases  of  the  procedure  of  analysis  in  Ch  2,  the 
longitudinal  distribution  is  evaluated.  The  longitudinal 
bunch  form  factors  obtained  by  the  two  methods  were 
rather  limited  because  of  the  nonuniform  transparency  of 
the  100  |im- thick  Mylar  beam  splitter  in  the  Michelson 
interferometer  and  measurement  region  which  depends  on 
the  grating  pitch  (1.0  mm)  installed  in  the  polychromator. 
Therefore  we  have  to  adopt  theoretical  extrapolation 
assuming  the  Gaussian  or  exponential  distributions  out  of 
the  range,  referring  to  the  pulse  shape  measured  by 
femtosecond  streak  camera. 

4  RESULTS  AND  DISCUSSION 

The  CTR  spectrum  calculated  from  the  interferogram  and 
by  the  polychromator  are  shown  by  the  solid  curves  and 
the  transparency  of  a  100  |i.m-thick  Mylar-type  beam 
splitter  by  dashed  curve  in  Fig.2.  From  the  figure,  we 
decided  to  use  the  experimental  data  in  the  range  of  9.5  to 
18.0  Cm  for  the  analysis  in  the  interferometry,  while 
the  measurable  range  of  the  polychromator  was  already 
determined  from  12.2  to  26.2  cm-1  discretely  by  the 
1mm  grating  pitch. 


Fig.2.  Spectrum  of  CTR 

The  experimental  results  of  the  longitudinal  bunch  form 
factor  by  the  interferometry  and  by  the  polychromator  are 
shown  by  the  solid  curves  and  that  of  theoretical  by 
dashed  curve  in  Fig. 3.  In  the  figure,  we  chose  the 
Gaussian  distribution  as  the  theoretical  curve,  since  the 
exponential  distribution  has  unphysical  long  tails  in  both 
sides.  The  simultaneous  observation  of  the  bunch  shapes 
by  the  streak  camera  indicates  that  the  Gaussian 
distribution  is  closer  to  the  real  bunch  distribution.  We 
used  the  measured  bunch  form  factor  in  the  range  that  had 
been  described  in  advance  and  the  theoretical  bunch  form 
factor  out  of  the  range  for  the  analysis.  In  the  case  of  the 
interferometry,  we  adopt  and  extrapolate  650  fs  (FWHM) 
bunch  length  for  the  subpicosecond  pulse  and  1.6  ps 
[FWHM]  for  the  picosecond  one,  respectively.  In  the  case 
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of  the  polychromator,  we  chose  1.0  ps  for  the 
subpicosecond  pulse  and  1.4  ps  for  the  picosecond  one, 
respectively. 


54-1  0.5 

E  \ - Interferometry 

.O 


•T  8  9  10 

Wavenumber  (cm-1)  Wavenumber  (cm-1) 

-Results  by  the  interferometry- 


Experim  entail 
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—  Pdychromatcr 
"  *900fs(FWHM) 
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16  7  8  910 


\  VU  - Polychromator 

\\\  —  1.3ps(FWHM) 

V.S - 1.4ps(FWHM) 

- 1.5ps(FWHM) 


5  6  7  8  90 


Wavenumber  (cm->)  Wavenumber  (cm- ') 

-Results  by  the  polychromator- 
Fig.3  Measured  longitudinal  bunch  form  factors  with  the 
Gaussian  fittings 


In  both  cases,  the  extrapolation  for  the  subpicosecond 
pulse  was  more  suitable  than  that  for  the  picosecond  one. 
The  reason  is  that  the  range  of  the  CTR  spectrum 
measured  is  more  appropriate  for  the  subpicosecond  pulse. 
The  longitudinal  bunch  form  factors  calculated  from  the 
results  measured  by  the  streak  camera  are  shown  in  Fig.4. 
The  important  range  of  the  longitudinal  bunch  form  factor 
to  get  the  coherent  effect  moves  to  the  larger  wavenumber 
range,  as  the  pulse  becomes  shorter.  We  can  see  that 
only  the  bunch  form  factor  of  the  1.0  ps  or  less  pulses 
become  smooth  in  the  measurement  range,  while  those  of 
the  longer  pulses  are  fluctuated  and  noisy. 


Wavenumber  (cm-1) 


and  that  by  the  polychromator  were  650  fs  and  1 .0  ps  at 
FWHM  as  shown  in  Fig.5.  Typical  result  by  the  streak 
camera  is  also  shown  in  the  same  figure.  Here  we  have 
got  reasonable  agreement  and  confirm  the  enough 
reliability  of  the  diagnostics  methods  by  the  CTR 
measurement. 


Time  (ps) 


-Results  by  the  polychromator- 
Fig.5  Bunch  distributions  by  the  three  methods 

With  the  choice  of  a  thinner  beam  splitter  or  a  grating 
with  a  narrower  pitch,  we  expect  the  CTR  methods  are 
promising  for  the  shorter  electron  beam  (<  200  fs)  with 
better  resolution  because  the  spectrum  shifts  from  the  far- 
infrared  region  to  the  infrared  region  where  the  sensitivity 
of  the  detector  becomes  better.  Especially,  the 
polychromator  can  be  expected  to  the  most  useful 
methodology  because  of  the  advantage  of  diagnostics  by  a 
single  shot. 

5  CONCLUSION 

From  the  comparison  of  the  results,  the  reliability  of  the 
methods  utilizing  the  CTR  to  measure  subpicosecond 
electron  pulses  was  confirmed.  And  we  suggested  the 
validity  of  the  femtosecond  streak  camera  for 
subpicosecond  (>  200fs)  measurementandpossibility 
of  the  polychromator  to  measure  pulses  shorter  than  the 
resolution  of  femtosecond  streak  camera  (<  200fs)in 
the  future. 


Fig.4  Bunch  form  factor  by  the  streak  camera 

Finally,  we  reconstructed  the  longitudinal  bunch 
distributions  after  using  Kramers-Kronig  relation  to 
derive  the  phase  information.  The  result  of  the 
subpicosecond  pulse  measurement  by  the  interferometry 
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LIMITATIONS  AT  SHORT  BUNCH  LENGTH  MONITORING 
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Abstract 

Analysis  of  main  limitations  on  time  resolution  inhering 
in  techniques  for  bunch  length  or  bunch  phase 
distribution  monitoring  with  resolution  in  subpicosecond 
range,  and  also  expressions  for  longitudinal  aberrations 
of  main  optical  elements  in  technique  like  a  streak 
camera  will  be  presented.  Possibility  of  realization  of  the 
last  with  the  resolution  of  about  O.Olps  and  less  is 
discussed. 

1  INTRODUCTION 

Bunch  phase  distribution  (BPD)  monitoring  with 
resolution  in  femtosecond  range,  that  is  required  for  the 
next  linear  collider,  X-ray  FELs,  is  a  challenging 
problem  for  decision  of  which  in  the  paper  a  new 
approach  is  proposed  and  validated  through 
consideration  of  some  basic  limitations  inhering  in  well- 
known  techniques. 

The  monitoring  implies  a  use  of  coherent  or 
incoherent  bunch  radiation  that,  at  present,  corresponds 
to  measurement  technique  operating  in  frequency-  or 
time-domain  respectively.  The  first  limitation  follows  at 
once  from  the  radiation  wave  length  that  is  considered 
below.  We  note  at  once  also  that  the  name  “coherent”  is 
not  very  correct  one  because  the  BPD  retrieving  from  its 
frequency  spectrum  demands  the  measurement  in  the 
entire  domain  of  the  BPD-spectrum  including  its 
incoherent  part  too. 

2  TIME  CONVERTING  TECHNIQUE 

The  principle  of  coherent  technique  operation  in  the 
frequency-domain  consists  in  retrieving  the  BPD  from 
the  square  of  its  Fourier  transformation  F(co)  that  in  turn 
is  determined  from  the  well-known  expression  [1] 

Pc(co)  =  P(co)[N  +  N(N  -  l)F(co)], 

where  Pc(co)  -  measured  frequency  spectrum  of  power 
radiation  and  P(co)  -  the  power  spectrum  emitted  by  a 
single  electron  and  defined  in  the  domain  of  the  F- 
function.  Consideration  of  the  technical  problems  of  the 
Pc-measurement  one  can  find  anywhere  [2],  but  here  we 
touch  the  basic  problem  dealt  with  the  P-determination. 

If  Pc  is  the  spectrum  at  the  entrance  of  a  spectrometer 
then  P  represents  itself  a  transfer  function  of  a  vacuum 
chamber  with  a  radiator. 


To  determine  F(co)  correctly  the  function  P  has  to  be 
uniform  over  the  entire  spectrum  of  a  bunch.  It  can  be 
only  in  an  idealized  case.  In  the  case  of  transition 
radiation,  for  example,  it  could  correspond  to  the 
perfectly  conducting  and  infinite  screen,  absence  of 
another  boundary  conditions  and  movement  of  an 
electron  beam  with  infinitesimal  transverse  sizes  along 
its  infinite  emission  length.  In  reality,  it  is  not  so  and, 
moreover,  it  is  impossible  to  determine  the  function  P 
correctly  by  experimental  way  or  through  calculation. 

In  the  general  case,  the  measured  spectrum  Pc  is  too 
far  from  the  power  spectrum  F.  In  a  specific  device  we 
always  have,  for  example,  a  finite  emission  length  L.  In 
the  case,  considering  P  as  a  function  of  L  through  the 
term  [1  -  cos(L/Z)]  [3]  only,  where  the  formation  zone  Z 
~  yVto  ~  we  obtain  that  P(co)  ~  co2  at  L/Z  «  1  and,  as 
consequence,  the  broadening  of  the  measured  spectrum 
P.  The  last  may  lead  to  considerable  compression  of  a 
retrieved  BPD  in  comparison  with  real  one.  This  effect  is 
demonstrated  in  the  papers  [4,5]  where  the  retrieved 
bunch  length  was  nearly  by  an  order  less  one  obtain  from 
to  some  extent  idealized  simulation  of  beam  dynamics. 
In  the  paper  [2]  for  specific  measurement  scheme, 
equipment  and  beam  condition  the  spectrum  P  measured 
in  very  narrow  band  was  divided  by  to  fit  the  retrieved 
BPD  obtained  by  “coherent”  technique  and  more  precise 
one  together. 

Hence,  the  “coherent”  technique  requires  another  one 
and  may  serve  as  an  indicator  for  an  accelerator 
maintenance  in  a  specific  regime. 

To  avoid  the  mentioned  above  frequency  dependence 
of  the  P-spectrum  we  have  to  satisfy  the  condition  L/Z 
»  1,  i.e.A,  «  L/y2.  In  reality,  for  relativistic  beam  (for 
example,  y  >  100,  L  ~  100mm)  it  leads  us  to  use  the 
radiation  in  the  frequency  domain  of  about  visible  light 
and  higher,  then  we  will  have  to  use  another  time 
converting  technique  based  on  use  of  device  like  a  streak 
camera. 

In  the  case,  taking  the  transition  radiation  as  an 
example  for  consideration,  the  scheme  of  the  monitoring 
could  look  as  the  following:  the  beam  radiation  from  a 
foil-mirror  passes  through  lens  and  is  focused  on  the 
surface  of  photocathode  of  a  streak  camera.  Impact  of 
chromatic  and  spherical  aberration  on  the  focusing  of 
ultrashort  light  pulses  by  lenses  was  researches  rather 
well  in  the  papers  [6,7]  where  it  was  shown  that  the  pulse 
broadening  can  be  less  than  lOfs.  Then  the  main 
limitation  in  this  scheme  of  the  monitoring  will  be 
defined  by  the  resolution  of  a  streak  camera. 
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Below,  it  will  be  shown  how  can  create  the  device,  like 
a  streak  camera  but  realizing  new  principle  of 
construction,  with  the  resolution  of  lOfs  and  less. 

3  TRANSIT  TIME  SPREAD 

Using  the  method  [8]  for  precise  integration  of  motion 
equation  one  can  obtain  the  following  expressions  for  the 
chromatic  aberration  of  the  h-distance  gap  (being  under 
the  Uo-accelerating  voltage)  caused  by  an  initial 
photoelectron  energy  spread,  for  example,  from  W0i  to 
W02  for  two  cases:  marked  as  1  -  for  two  electrode  system 
formed  by  a  cylindrical  emitter  with  an  optional  radius  R 
and  plane  electrode;  2  -  the  coaxial  system  with  the 
internal  electrode  as  the  emitter 


0  5  10  15  h/Ax 


Figure  1:  Diaphragm  aberration  as  a  function  of  the  h- 
distance  of  the  gap. 
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Approximating  dependencies  shown  by  the  dashed  line 
here  are  determined  by  the  formula 


where  i=l,2;  t0  =  (2h/c)^W0/2U0  -  time  of  flight  the  h- 

distance  in  uniform  field;  kj  -  coefficient  of  the  field 
enhancement  on  the  emitter  in  comparison  with  the 
uniform  field  and,  respectively,  equaled 

k,  =^m(m+2)y/ln(m+l+^m(m+2)j,  k2=  m/ln(m+l); 

Wi  =  W01/U0;  W2  =  W02/U0;  %  equaled  respectively  a!  = 
m/2  and  a2  =  m  =  h/R;  ^  =  2(k,-l)/m  and  ^  =  (k2-l)/m; 
W0  =  0.5 1 1  106  eV;  c-  speed  of  light. 

The  main  parameter  here  is  m  =  h/R.  Taking  m  >  10 
one  can  enhance  the  field,  decrease  the  effective  length  of 
the  electron  transit  and,  as  consequence,  decrease  the 
aberration  up  to  several  fs  and  less  for  W02  =  leV,  W0i  = 
0  and  h  =  1mm  at  U  <  8kV. 

4  DIAPHRAGM  ABERRATION 

The  hole  of  a  diaphragm  restricting  the  gap  disturbs  the 
accelerating  field  that  in  turn  courses  additional  transit 
time  spread  of  the  photoelectrons.  This  diaphragm 
aberration  in  the  unit  of  to  as  a  function  of  the  h-distance 
in  the  unit  of  semi-width  of  a  slit  or  radius  of  a  circular 
hole  (Ax)  is  shown  in  Fig.l  for  the  following  cases:  1  - 
the  aberration  taking  a  spherical  one  into  account  for  the 
slit  in  the  field  of  the  cylindrical  emitter  with  m  =  100  ;  2 
-  id.,  but  m  =  10;  3  -  the  slit  diaphragm  in  the  field  of  a 
plane  electrode;  4  -  the  circular  diaphragm  in  the  field  of 
a  plane  electrode;  5  -  the  slit  diaphragm  in  the  field  of 
the  cylindrical  emitter  for  m  =  100,  but  without  the 
spherical  aberration. 

The  dependencies  have  been  determined  as  the  FWHM 
of  the  transit  time  distribution  of  the  electrons  with 
uniform  density  of  escaping  along  the  emitter  surface  and 
for  the  diaphragm  with  infinitesimal  thickness. 
Confidence  probability  for  h/Ax  >  10  was  more  0.8. 


At  _  A 
lo  (h/Ax)“ 

where  values  of  A  and  a  for  the  mentioned  above  cases 
are:  1  -  A  =  0.2186,  a  =  2.0;  3  -  A  =  0.1640,  a  =  2.35;  4 
-  A  =  0.0406,  a  =  2.2;  5  -  A  =  0.006084,  a  =  1 .7 1 . 

Taking  the  coaxial  geometry  of  the  gap  we  eliminate 
the  spherical  aberration  completely.  In  the  case 
diaphragm  aberration  can  be  reduced  to  the  negligible 
one. 

5  RF-GAP 

In  the  device  for  the  BPD-monitoring  the  action  of  the  rf- 
gap  has  to  be  independent  of  the  photoelectron  transverse 
position.  For  rf-deflector  this  basic  requirement  is  not 
satisfied  in  principle,  and,  as  consequence,  there  is  an 
optimum  field  of  the  rf-deflector  for  the  best  resolution, 
i.e.  the  rf-field  is  restricted  on  its  maximum  magnitude 
here.  It  is  quite  different  situation  in  the  case  of  the 
longitudinal  rf-modulation. 


308  310  312 
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Figure  2:  Phase  resolution  of  coaxial  resonator  vs.  <p0. 

The  phase  resolution  of  the  rf-resonator  in  the  case  of 
the  longitudinal  modulation  is  defined  as  Acp  =  l[P(W02)  - 
P(W0i)]/(dP/d<po)l,  where  the  photoelectron  momentum 
P(W0i)  with  its  initial  energy  Woi  is  determined  at  the 
resonator  output,  cp0  -  the  initial  phase  at  the  electron 
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start.  The  resolution  as  a  function  of  cp0  for  the  coaxial 
resonator  is  shown  in  Fig. 2  for  two  cases:  1  -  amplitude 
of  the  rf- voltage  U  =  3kV,  accelerating  voltage  U0  =  4kV, 
h  =  1mm;  2  -  U  =  8kV,  U0  =  8kV,  h  =  10mm.  All 
dependencies  were  determined  for  W02  =  leV,  W0i  =  0, 
R  =  0.01mm  and  f  =  2.998  GHz. 

6  CAMERA 

Combining  the  electrostatic  accelerating  field  and  the 
electron  modulating  rf-field  in  the  coaxial  resonator, 
where  its  internal  conductor  is  the  photocathode  (or  as  a 
secondary  electron  emitter  for  SEM-monitor  of  the  BPD- 
measurement  can  be  used)  one  can  get  ultra-fast  camera 
for  the  BPD-monitoring  (so  named,  maybe,  for  simplicity 
"troncamera"  to  retain  the  name  "streak  camera"  for 
conventional  one)  if  after  the  resonator  a  spectrometer 
operating  in  the  regime  of  a  spectrography  will  be 
installed.  To  get  the  resolution  of  about  lOOfs,  lOfs  or  lfs 
the  camera  will  need  the  spectrometer  with  the  relative 
momentum  resolution  equaled,  respectively,  10'3,  10  4  or 
10"5.  For  the  spectrometer  with  uniform  magnetic  field  (it 
is  shown  in  Fig.3)  its  well-known  resolution  is  Ax/2Rm  = 
a2/2  that  allows  us  to  get  the  camera  resolution  of  lOOfs 
and  less.  For  getting  the  lOfs-resolution  we  will  have  to 
use,  for  example,  an  electrostatic  prism  with  installation 
of  a  transaxial  lens  at  its  entrance  and  exit;  for  the  lfs- 
resolution  one  may  use  the  magnetic  spectrometer  with 
its  field  index  n  =  3/7. 


Figure  3:  Scheme  of  camera 

7  TIME  EXPANDER 

In  Figure  4  the  scheme  of  another  device  (tronexpader  so 
named)  for  the  BPD-monitoring  is  represented  where  the 
same  coaxial  resonator  and  instead  of  the  spectrometer 
the  1-space  free  of  field  are  used.  The  principle  of  its 
operation  follows  from  its  name  directly.  After  the 
longitudinal  rf-modulation  the  electrons  fly  within  the 
angle  +a.  The  time  expansion  is  defined  here  by  the 
derivative 

dt  360°  fl  d(pc) 
dx  c(32y2w  dcp0 


where  t  -  the  time  of  arrival  at  the  collector  for  the 
electron  with  its  time  departure  from  the  resonator  X  ;  w  - 
relativistic  energy  of  the  electron. 

For  1  =  100mm,  f  =  3GHz,  kinetic  energy  of  the 
electron  1.8keV  the  magnitude  of  this  derivative  will  be 
104  at  d(pc)/dtp0  =  M05  eV/deg.  The  last  derivative  can 
be  obtained,  for  example,  at  U0  =  0.5kV,  U  =  lOkV,  h  = 
10mm,  R  =  0.01mm. 

In  means  that  by  taking  the  recorder  channel  including 
the  collector  with  entire  frequency  band  of  about  1GHz 
one  can  measure  the  BPD  with  the  lOOfs-resolution.  It 
should  be  noted  that  for  the  same  parameters  mentioned 
above  the  estimation  of  the  error  of  this  method  gives  lfs. 


Figure  4:  Scheme  of  expander. 

8  CONCUTION 

Proposed  camera  and  expander  face  the  limitations  now 
following  from  the  time  spread  of  the  photoelectron 
escaping  and  quantum  mechanics,  but  all  of  them  lay 
below  lOfs  here. 

When  a  measuring  system  represents  itself  the  tandem 
from  the  expander  and  the  camera,  i.e.  when  at  the  exit 
of  the  expander  instead  of  its  collector  a  plane  rf-gap 
(close  to  that)  with  the  transit  hole  for  the  electron  and 
after  that  the  spectrometer  are  installed,  the  resolution  of 
the  tandem  will  be  determined  through  the  time 
expansion  in  the  expander  and  the  time  resolution  of  the 
camera  so  that  entire  resolution  can  reach  10‘18...  10 20  s. 
for  solitary  electron  going  from  the  photocathode. 
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EFFECTS  OF  DIFFRACTION  AND  SCREEN  SIZE  ON  CTR  BASED 
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Abstract 

Coherent  transition  radiation  (CTR)  is  now  well  established 
as  one  of  basic  tools  to  measure  electron  bunches  on  a  sub¬ 
picosecond  scale.  However,  a  series  of  experiments  has 
demonstrated  that  suppression  of  CTR  spectra  at  low  fre¬ 
quencies,  occurring  in  practice,  leads  to  a  great  uncertainty 
in  the  bunch  length  determination.  In  addition  to  known 
sources  of  suppression,  it  was  recently  found  [1,2]  that  the 
size  of  a  screen  used  to  produce  transition  radiation  (TR) 
can  be  a  factor  strongly  affecting  the  spectrum.  In  this  pa¬ 
per  we  calculate  TR  spectra  emitted  by  a  relativistic  elec¬ 
tron  from  a  finite-size  metallic  screen  and  influenced  by 
diffraction  on  apertures  in  environment  and  collecting  op¬ 
tics. 


1  INTRODUCTION 

Operating  with  subpicosecond  bunches  is  crucial  to  the  new 
generation  of  e+e~  colliders  and  FELs  for  reaching  their 
final  goals,  which  are  respectively  high  luminosity  and  high 
peak  current.  To  obtain  this  result,  much  depends  on  the 
ability  to  monitor  bunch  dimensions  on  such  a  small  scale. 

Coherent  transition  radiation  (CTR)  is  now  intensively 
used  for  ultra-short  bunch  length  measurements  due  to  its 
simplicity  of  implementation  and  small  perturbations  pro¬ 
duced  to  the  beam. 

In  this  technique  the  bunch  longitudinal  dimension  can 
be  extracted  from  the  measured  CTR  spectrum  if  the  in¬ 
coherent  TR  spectrum  is  precisely  known  [3].  In  practice, 
however,  there  is  a  number  of  experimental  factors,  such  as 
the  limited  bandwidth  of  the  detector  and  diffraction  effects 
due  to  finite  apertures  in  the  radiation  transport  channel, 
which  cause  hardly  evaluated  losts  of  the  low  frequency 
part  of  measured  spectra,  thus  leading  to  a  considerable  un¬ 
certainty  in  the  bunch  length  and  shape  determination  [4], 

Furthermore,  the  proper  role  of  the  size  of  the  target 
in  modifying  the  power  spectrum  of  incoherent  TR  was 
shown  [1,  2]  recently.  It  was  found  that  the  TR  spectrum 
from  a  finite  target  is  a  complex  function  of  the  beam  en¬ 
ergy,  target  extensions,  frequency  and  angle  of  emission, 
i.e,  very  different  from  the  flat  spectrum  given  by  the  Frank 
formula,  that  has  been  used  so  far.  The  effect  occurs  when 
the  parameter  7A,  where  7  is  the  relativistic  factor  of  the 
beam  and  A  is  the  radiation  wavelength,  exceeds  the  trans¬ 
verse  dimensions  of  the  target. 
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2  EFFECTS  OF  DIFFRACTION  AND 
TARGET  SIZE  ON  TR  SPECTRA 


In  the  pioneering  works  [1]  the  treatment  of  the  problem 
was  performed  for  a  thin  layer  of  matter  and  TR  emitted  in 
the  forward  direction.  As  a  consequence,  the  resulting  pic¬ 
ture  of  the  effect  includes  interference  between  TR,  the  par¬ 
ticle  field  and  diffraction  radiation  and,  therefore,  is  rather 
complex. 

In  the  present  analysis,  we  rely  on  the  Kirchoff  diffrac¬ 
tion  theory  to  describe  the  propagation  of  the  field  gener¬ 
ated  by  a  charged  particle  on  the  boundary  between  the  vac¬ 
uum  and  a  perfect  conducting  material  [5].TR  is  considered 
to  emerge  in  the  backward  directions  with  respect  to  the 
momentum  of  the  particle  crossing  the  boundary  at  nor¬ 
mal  incidence.  Three  different  schemes  of  measurement, 
which  are  simplified  models  of  those  typically  encountered 
in  practice,  are  investigated. 


2.1  Spectrum  ofTR  filtered  by  a  finite  aperture 

The  first  scheme  considered  is  characterized  by  the  pres¬ 
ence  of  a  circular  diaphragm  between  the  emitting  screen 
and  the  detector.  For  ease  of  calculation  we  assume  a  cylin- 
drically  symmetric  geometry.  A  circular  screen  with  a  ra¬ 
dius  r  made  of  a  perfect  metal  is  placed  at  a  distance  a 
from  the  diaphragm,  while  b  is  the  distance  between  the  di¬ 
aphragm  and  the  detector  having  a  diameter  2d  (  Fig.  la). 
The  incident  particle  with  charge  q  and  velocity  v  hits  the 
screen  at  the  center.  Emerging  TR  propagates  in  the  z  di¬ 
rection.  Let  us  introduce  three  different  sets  of  coordinates 
(xs,ys),(^,r])  and  (x,y)  for  the  screen,  diaphragm  and  de¬ 
tector  planes,  respectively. 

In  cylindrical  coordinates  we  have: 


Then  the  TR  field  components  at  an  arbitrary  point 
P(x,y)  in  the  detector  plane  in  the  first  order  Fresnel  ap¬ 
proximation  of  the  diffraction  theory,  and  neglecting  phase 
constants,  are  found  to  be 


Ex,y(P,Uj) 
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where  k±  is  the  projection  on  the  xy  plane  of  the  the  photon 
wave  vector  k  —  u/c,  a  =  u/vy,  m  —  1  4-  b/a,  J\  is  the 
Bessel  function  of  the  first  kind  and 

rD 
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<b) 


Figure  1 :  Three  schemes  of  measurements  under  consider¬ 
ation. 


P=  Vp2  +  ( f>2/a2)p2s  +  2  {b/a)pps  cos  (ip  -  x)  , 


As  follows  from  Eq.  (2),  the  field  in  P  is  built  up  by  a 
coherent  summation  of  the  waves  emitted  by  all  points  of 
the  source  and  so  it  depends  on  both  the  shape  and  the  size 
of  the  screen.  The  function  £,  mainly  determined  by  the 
integral  over  the  diaphragm  surface,  gives  a  contribution 
from  the  standard  diffraction  by  the  aperture.  The  above 
integral  is  well  known  (see,  e.g.,  [6])  and  is  expressed  in 
terms  of  the  Lommel  functions. 

Thus,  Eq.  (2)  includes  effects  given  by  both  the  size  of 
the  screen  and  the  diffraction  produced  by  the  diaphragm. 
The  latter  is  well  known  to  produce,  basically,  a  low  fre¬ 
quency  spectrum  cutoff,  almost  entirely  defined  by  the  di¬ 
aphragm  aperture  and  angular  acceptance.  Hence,  from 
this  point  on,  we  found  it  reasonable  to  focus  our  study 
on  that  of  the  screen  size.  To  this  end  we  formally  let  D 
tend  to  oo. 

In  terms  of  the  theory  of  radiation,  the  phase  factor 
quadratic  in  ps  in  Eq.  (2)  specifies  first  order  corrections 
to  the  so-called  wave  zone  (or  radiation  zone)  approxima¬ 
tion  due  to  the  extension  of  the  source  and  the  sphericity  of 
wave  fronts  at  the  point  P. 

For  a  finite-size  screen  these  corrections  are  noticeable 


if 


am 


>A>^. 

i 


(4) 


and  their  effect  is,  in  last  instance,  to  reduce  the  ’’effective” 
size  of  the  screen. 

It  should  be  noted  that  these  corrections  are  relevant 
even  for  an  infinite  screen  causing  it  to  act  like  a  finite- 
size  one  with  an  ’’effective”  dimension  depending  on  the 
wavelength  and  the  distance  to  the  observation  point,  if  TR 
is  observed  at  distances 


A72  >  2  .  (5) 

In  the  far-infrared  region,  that  represents  our  main  inter¬ 
est,  the  wave-zone  condition  can  be  well  fulfilled  by  ad¬ 
justing  the  distance  between  the  target  and  detector,  thus 


allowing  to  approximate  the  aforementioned  phase  factor 
by  1. 

As  a  consequence  of  simplifications  made,  the  total  spec¬ 
trum  of  TR  from  the  finite-size  screen,  integrated  over  the 
detector  aperture,  in  the  wave  zone  is  found  from  Eq.  (2) 
upon  a  change  of  variable  p  =  am  sin  6: 


ofl2  l2  /-0m 

Su  — - — j  /  d#  sin  0  cos  0  $2  (r,  a,  k,ksin9)  ,  (6) 

1TC  P2  Jo 

where  9m  —  arcsin(d/am)  is  the  angular  acceptance  of 
the  detector  and 
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ar 


[SKi(ar)Jo(6r) 


a2  +  62  a2  +  S2 

+  aJi(5r)K0(ar)\  -  j  dpsJ0(kps)Ji(5ps)  .  (7) 
Jo 


Here  Kn  is  the  modified  Bessel  function  of  the  n-th  order. 

Figures  2  and  3  show  the  spectra  calculated  by  using  Eq. 
(6)  for  parameters  and  frequency  ranges  typical  for  bunch 
length  measurements,  and  normalized  to  the  corresponding 
spectra  from  an  infinite  screen. 


Figure  2:  Spectra  Su  of  TR  in  the  first  scheme  of  measure¬ 
ments,  for  a  screen  with  radius  of  20  mm  and  a  detector 
angular  acceptance  of  0.05  rad. 


2.2  Spectrum  of  TR  from  a  screen  in  the  focal 
plane  of  a  lens 

The  second  scheme  under  consideration  ( Fig.  lb)  is  a  sim¬ 
plified  geometry  normally  used  in  autocorrelation  interfer¬ 
ometric  measurements,  when  the  screen  is  placed  in  the 
front  focal  plane  of  a  converging  lens  (parabolic  mirror)  to 
produce,  behind  the  lens,  a  quasi-parallel  photon  beam. 

The  analysis  performed  for  a  thin  lens  with  diameter  2D 
and  focal  length  /  results  in  the  expression  for  the  field 
identical  to  Eq.  (2)  and  (4)  if  one  puts  a  =  f  and  m  =  1. 
The  power  spectrum,  in  the  infinite  lens  approximation,  is, 
therefore,  given  by  Eq.  (6)  with 

9m  =  arcsin(d/f)  .  (8) 
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Figure  3:  Spectra  of  TR  Su  in  the  first  scheme  of  mea¬ 
surements  for  a  screen  radius  of  20  mm  and  beam  energy 
of  1  GeV.  Numbers  next  to  the  curves  are  detector  angular 
acceptances  in  radians. 


The  similarity  between  the  first  and  second  schemes  can 
be  seen  by  simple  ray  tracing:  the  effect  of  the  lens  is  ba¬ 
sically  to  ’’draw”  the  detector  towards  the  screen,  resulting 
in  an  increase  of  the  angular  acceptance  of  the  system. 


2.3  Spectrum  ofTR  in  the  screen ’s  image  plane 

Here  the  diaphragm  of  the  first  scheme  is  replaced  by  a 
lens  of  the  same  size  and  a  and  b  are  chosen  such  that  the 
condition  1/a  +  1/6  =  1//  is  satisfied  (  Fig.  lc).  In  this 
geometry  the  screen  is  simply  imaged  onto  the  detector. 
The  expression  for  the  field  is  given  by 

jp  / d  \ _  9  k2  fj  f  Jt  k\Ji{ki_ps) 

Ex<y(P,u;)  -  ^2v  ^  J  d PsPs  J  dkx  ^  +  a2 

(9) 

where,  as  before,  £  is  the  pattern  resulting  from  the  diffrac¬ 
tion  on  the  lens,  that  in  this  case  is  given  by  the  well-known 
expression 

.  2iraD  ,kD 

£(p)  =  ~kT  M~p>  ’  '  0) 

P  =  vV  +  p'i  +  2 gps  cos(p  -  x)  , 

with  q  =  p/M  .where  M  =  6/a  is  the  lens  magnification. 

For  the  infinite  lens  and  neglecting  the  phase  factor,  the 
total  power  spectrum  can  be  given  in  the  form 


2  q2  1 

7 rc  P2 
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J0{kg) 
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In  Eq.  (11)  we  imply  that  d/M  <  r,  while  generally  one 
should  integrate  from  0  to  min  {d/M,  r). 

We  want  to  attract  attention  to  the  identical  role  of  the 
screen  and  detector  dimensions  in  affecting  the  spectrum. 
In  fact,  since  the  intensity  distribution  in  the  image  plane 


is  just  a  ’’magnified”  image  of  that  in  the  source  plane, 
both  screen  and  detector  are  equivalent  in  producing  re¬ 
strictions  on  the  transverse  region  over  which  the  power 
spectrum  must  be  calculated;  namely,  the  spectrum  is  only 
determined  by  the  minimum  values  of  d/M  and  r. 

3  EFFECT  OF  THE  SCREEN  SIZE  IN 
CTR  BASED  BUNCH  LENGTH 
MEASUREMENTS 

Considering  a  low-frequency  distortion  of  the  TR  spectrum 
due  to  a  finite-size  screen  in  the  context  of  bunch  length 
measurements  one  can  expect  that  its  effect  on  the  accu¬ 
racy  of  the  bunch  information  retrieval  may  be  sufficiently 
small  as  long  as  the  corrupted  portion  of  the  spectrum  is 
negligible  compared  to  the  frequency  content  of  the  bunch 
structure  represented  by  the  bunch  form-factor.  For  the 
gaussian-shaped  beam  the  following  qualitative  criterion 
can  be  used  to  estimate  whether  for  a  given  bunch  length 
<jz  the  effect  of  the  screen  size  is  important 

oz  <  c/V2uch  .  (12) 

Here  u/c*  is  a  characteristic  cutting  frequency  of  the  spec¬ 
trum  due  to  the  effect.  If,  as  usual  for  such  kind  of  prob¬ 
lems,  one  defines  the  cutting  frequency  as  a  10%  dropoff 
of  spectra  from  the  high-frequency  plateau,  simple  approx¬ 
imate  relations  for  uc h  may  be  obtained  by  analyzing  Eqs. 
(11)  and  (6),  respectively 

^(sec-1)  =  3.3  •  W9E0  H7(MeV)///0rn(rad)  (13) 
and 

Uch(s ec-1)  =  8.3  •  1010£,°'87(MeV) / d(mm)  .  (14) 
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Abstract 

The  study  of  the  energy  stability  along  the  macropulse  of 
the  TESLA  Test  Facility  Linac  (TTFL)  [1]  was  obtained 
by  the  measurement  of  the  angular  distribution  of  the 
Optical  Transition  Radiation  (OTR).  This  technique  does 
not  require  a  dispersive  section  and  can  be  performed  at 
any  point  of  the  beam  line. 

Measurements  have  been  performed  with  different 
settings  of  the  RF  low  level  control  and  at  different  values 
of  the  beam  current.  An  energy  variation  along  the 
macropulse  was  observed  in  a  good  agreement  with  the 
measured  energy  spread  of  the  whole  macrobunch. 

The  analysis  of  the  OTR  angular  distribution  pattern 
allows  also,  to  some  extent,  to  evaluate  the  beam  angular 
spread. 

1  INTRODUCTION 

The  energy  stability  along  the  macropulse  of  the  TESLA 
Test  Facility  Linac  (TTFL)  [1]  is  the  result  of  an  accurate 
timing  between  the  RF  pulse  and  the  beam  injection  to 
compensate  for  the  beam  loading.  A  digital  feedback  and 
feedforward  algorithm  takes  care  of  fast  and  slow 
fluctuations.  A  measurement  of  the  energy  stability  is 
required  for  a  fine  tuning  of  the  algorithm  parameters. 

Typically,  energy  and  energy  spread  measurements  are 
performed  in  the  dispersive  section  at  the  end  of  the 
transport  line,  where  a  dipole  magnet  bends  the  beam  by 
20°  and  drives  it  to  the  dump. 

Energy  variation  along  the  macropulse  can  be  measured 
by  means  of  the  strip-line  beam  position  monitor 
available  in  the  same  dispersive  section,  but  the  large 
beam  width,  of  the  same  order  or  larger  than  the  linear 
range  of  the  monitor,  strongly  reduces  the  accuracy  of  the 
measure. 

Instead,  we  used  the  angular  properties  of  the  Optical 
Transition  Radiation  (OTR)  emitted  by  the  beam  crossing 
a  thin  aluminum  foil,  to  realize  a  time  resolved  energy 
measure.  This  measure  does  not  require  a  dispersive 
section  and  can  be  done,  in  principle,  at  every  section  of 
the  accelerator. 

A  sensor  is  placed  in  the  focal  plane  of  a  thin 
achromatic  lens  to  allow  the  imaging  of  the  OTR  angular 
distribution. 

The  radiation  is  emitted  in  a  cone  of  semiaperture  1  /y, 
y  being  the  relativistic  factor  of  the  incident  particles. 

In  our  case  the  sensor  is  the  cathode  of  an  intensified 
CCD  camera  that  has  several  advantages  with  respect  to  a 
normal  CCD.  It  provides  the  possibility  of  a  fast 
controlled  gate  (down  to  200  ns),  allows  a  12  bits 
dynamics  and  has  a  high  signal  to  noise  ratio. 


We  integrated  the  signal  over  1  microsecond.  Delaying 
the  gate  by  steps  of  1  microsecond,  we  could  follow  the 
whole  macrobunch  evolution.  To  ensure  the  bunch  to 
bunch  stability  we  repeated  the  measure  several  times. 

2.  RESULTS 

We  performed  two  different  measures  at  different  stages  of 
the  commissioning  of  TTF. 

The  first  one  was  realized  with  the  so-called  injector  I 
delivering  a  beam  current  of  6  mA  at  a  repetition  rate  of 
216  MHz,  with  a  single  accelerating  module  in  operation. 

A  45°  beam  splitter  was  used  to  perform  in  the  same 
time  the  measure  of  both  the  beam  energy  (with  the 
ICCD)  and  the  spot  size  (with  a  normal  CCD).  The 
reflectivity  of  the  beam  splitter  depends  on  the  radiation 
polarization,  resulting  in  a  different  intensity  in  the 
horizontal  and  vertical  planes  (see  Fig.  1 .) 

We  used  a  thin  achromatic  lens  of  f  =  200  mm  focal 
length.  Peak  positions,  and  hence  the  beam  energy,  were 
found  by  applying  a  fit  to  the  profile  obtained  from  the 
OTR  image  along  the  vertical  line  crossing  the  center. 


Fig  1  An  image  of  the  OTR  angular  distribution.  The 
difference  between  horizontal  and  vertical  planes  is  due  to 
the  use  of  a  beam  splitter 

Fig. 2  displays  the  results  of  the  measurement  for  two 
different  beam  energies. 
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Fig  2  -  Variation  of  the  beam  energy  along  the 
macropulse  for  two  different  RF  gradients. 
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parameter  for  the  control  of  the  gradient  during  the  RF  flat 
top  and,  thus,  of  the  energy  stability  along  the 
macropulse.  Fig. 4  shows  the  results  for  the  loop  gain 
equal  to  44,  36  and  27,  respectively. 
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In  the  case  of  the  higher  energy,  that  is  the  usual 
working  point,  the  total  energy  variation  along  the 
macropulse  is  of  the  order  of  2.5%.  This  result  is  in  a 
good  agreement  with  the  measure  made  in  the  dispersive 
section,  which  gives  a  rms  energy  spread  of  about  1% 
over  the  whole  macrobunch. 

At  a  second  stage  of  the  commissioning,  we  operated 
with  the  injector  II,  which  supplies  a  different  pulse  time 
structure.  The  repetition  frequency  is  1  MHz,  so  that  the 
integration  over  1  microsecond  allows  the  detection  of  a 
single  micropulse.  For  these  measurements  we  used  a 
beam  current  of  1  mA,  equivalent  to  1  nC  of  charge  for 
each  micropulse,  as  required  for  the  FEL  operation  [2]. 


r 


Fig  3  -  A  typical  image  of  the  OTR  angular  distribution 
with  the  injector  II 

In  addition,  the  installation  of  a  second  accelerating 
module  increased  the  energy  of  about  a  factor  of  2.  In 
Fig. 3  a  typical  image  recorded  in  this  condition  is  shown. 

We  performed  measurements  for  three  different  values  of 
the  loop  gain  in  the  low-level  RF  feedback  control  system 
for  the  accelerating  modules.  This  is  an  important 


Fig.  4  -  Energy  variation  in  the  macropulse  with  three 
different  setting  of  the  RF  loop  gain 


Although  the  statistical  fluctuation  of  the  points  is 
rather  large,  it  is  possible  to  conclude  that  the  energy 
stability  is  better  at  larger  values  of  the  loop  gain. 

A  more  accurate  and  systematic  work  is  required  in  order 
to  determine  the  best  setting  for  the  low-level  RF  control, 
and  it  will  be  performed  in  the  next  run  this  Summer. 

As  a  by-product  of  our  measurements,  we  found  that  an 
information  about  the  beam  angular  spread  could  be 
obtained  by  the  analysis  of  the  OTR  angular  distribution 
profiles. 

In  Figs.  5  and  6  an  example  of  the  vertical  profile  is 
presented. 
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Fig  5  -  A  profile  for  the  vertical  plane  of  the  OTR  angular 
distribution  and  fitting  curve  for  a  parallel  beam 


The  solid  line  in  Fig.  5  is  a  fit  according  to  the 
theoretical  prediction  for  a  zero  divergence  beam. 

The  fit  in  Fig  6  takes  into  account  the  beam  divergence 
and  reveals  a  better  agreement  with  the  experimental  data. 


Fig.  6  -  Profile  of  the  OTR  angular  distribution  with  a 
fitting  function  taking  into  account  the  beam  angular 
divergence. 


A  rms  angular  spread  of  0.7  mrad  is  obtained  in  this 
case.  Unfortunately,  for  this  data  set,  in  order  to  avoid  the 
distortion  introduced  by  the  beam  splitter,  we  were  not 
able  to  measure  simultaneously  the  beam  spot  size. 
Nevertheless,  a  spot  size  value  of  about  200  pm  could  be 
obtained,  for  the  same  conditions,  from  the  emittance 
measurements  performed  just  before.  According  to  this 
value,  a  normalized  emittance  of  about  60  mm  mrad  can 
be  estimated.  This  is  fully  consistent  with  the  measured 
values  that  ranged  from  50  to  100  mm  mrad,  depending  on 
beam  transport  conditions. 


3.  CONCLUSION 

We  used  the  properties  of  the  OTR  to  monitor  the  energy 
variation  along  the  macropulse  of  TTF  beam. 

Two  different  measures  were  performed  at  different 
stages  of  the  commissioning,  and  in  both  cases  we  found 
an  increase  of  the  energy  along  the  macropulse. 

We  have  proven  that  the  loop  gain  value  of  the  low- 
level  RF  control  can  affect  the  time  energy  dependence, 
and  that  the  correct  value  for  this  parameter  must  still  be 
found.  A  more  accurate  measurement  is  needed  to  explore 
better  this  point. 

A  preliminary  analysis  shows  that  it  is  possible  to 
obtain  from  the  same  data  also  the  beam  angular 
divergence,  that,  together  with  the  measure  of  the  spot 
size,  can  give  an  independent  emittance  measurement. 

To  improve  the  measure  accuracy,  we  plan  to  use  a  lens 
with  a  longer  focal  length.  A  higher  number  of  images  for 
each  setting  point  is  also  needed  in  order  to  reduce  the 
statistical  fluctuations. 
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Abstract 

Progress  on  the  beam  control  and  study  programme  for 
the  800  MeV  High  Intensity  Proton  Synchrotron  of  the 
Spallation  Neutron  Source  ISIS,  is  outlined.  Recent 
hardware  upgrades  to  diagnostics,  instrumentation  and 
computing  have  increased  the  amount,  accuracy  and 
availability  of  beam  information.  The  measurement 
methods  employed  and  their  planned  applications  for 
beam  control,  optimisation  and  study  are  described.  Work 
includes  detailed  study  of  longitudinal  and  transverse 
dynamics  at  high  and  low  intensity.  Results  obtained  so 
far  and  future  plans  are  summarised. 

1  INTRODUCTION 

1.1  Background 

This  paper  summarises  progress  on  the  beam  control  and 
study  programme,  which  was  detailed  in  an  earlier  paper 
[1].  Here,  recent  experimental  results  from  the  upgraded 
hardware  are  summarised,  along  with  their  application  to 
machine  control. 

The  ISIS  Synchrotron  [2]  accelerates  2.5x1 013  protons 
per  pulse  at  50  Hz  (200  pA).  The  high  intensity  beam  is 
established  via  charge  exchange  injection  over  120  turns. 
Beam  is  then  bunched  and  accelerated  from  70-800  MeV 
in  10  ms,  extracted  in  a  single  turn  and  transported  to  the 
target. 

Extensive  use  is  made  of  low  intensity  ‘diagnostic’ 
beams  [1].  These  provide  additional,  detailed  information 
which  complements  high  intensity  measurement.  On  ISIS 
suitable  beams  are  produced  by  ‘chopping’  the  injection 
pulse  from  the  normal  120  turns  to  less  than  1  turn.  Such 
beams  can  be  interleaved  with  normal  50  Hz  high 
intensity  pulses;  typical  ‘chopping’  at  1  pulse  in  128  has 
minimal  effect  on  operational  beam. 

1.2  Synchrotron  Diagnostics  Upgrades 

The  diagnostics  hardware  upgrade  is  based  on  the  addition 
of  many  fast  digitising  channels  to  make  full  use  of  the 
existing  instrumentation.  Twenty  100  MS/s  digitisers 
allow  turn  by  turn  beam  position  measurements  at  10 
monitors  simultaneously.  Two  1  GS/s  digitisers  allow  the 
acquisition  of  longitudinal  profiles.  Position  monitor 
electronics  upgrades  enable  measurements  with  both  high 
and  low  intensity  beams. 

A  dedicated  DEC  Alpha  work  station  linked  to  the 
control  system  allows  extensive  hardware  control,  thus 
facilitating  automated  measurement.  The  increased 


computing  power  enables  the  use  of  high  level  data 
analysis  software  and  graphical  user  interfaces,  which 
simplify  correction  procedures  significantly. 

2  CLOSED  ORBIT  MEASUREMENT  AND 
CORRECTION 

2.1  Closed  Orbit  Correction  and  Lattice  Model 

Closed  orbit  data  is  now  readily  acquired  and  processed 
on  the  new  systems.  Closed  orbit  correction  and 
manipulation  is  based  on  the  solution  to  the  linear 
equation: 

x,=Aj-bj  (1) 

The  elements  of  steering  matrix  Atj  give  the  closed  orbit 
deviation  x,  at  monitor  i  due  to  an  angular  kick  b.  at 
corrector  j.  Optimal  corrections  are  found  by  reducing  Atj 
using  Singular  Value  Decomposition  and  solving  Eq.l  for 

*r 

A  synchrotron  lattice  model  has  been  developed  to 
calculate  linear  lattice  parameters  and  track  particle 
trajectories.  The  model  is  very  effective  for  manipulation 
and  correction  of  closed  orbits,  by  generating  the  steering 
matrix  A(j  and  solving  Eq.l. 


Synchrotron  Circumference  (m) 


Figure  1:  Vertical  C.O.  measured  before  and  after 
correction,  with  modelled  trajectory. 

Figure  1  shows  an  example  of  the  measured  high 
intensity  vertical  closed  orbit  before  and  after  correction 
with  the  lattice  model.  The  model  optimises  kicks  at  7 
steering  magnets,  to  fit  measured  closed  orbit  errors.  As 
would  be  expected  from  the  well  optimised  set  of 


0-7803-5573-3/99/$10.00@  1999  IEEE. 


2199 


Proceedings  of  the  1999  Particle  Accelerator  Conference,  New  York,  1999 


correctors,  calculated  orbits  can  be  seen  to  fit 
measurements  very  well  (rms  difference  <1  mm). 
Application  of  the  calculated  kicks  typically  reduces  the 
peak  closed  orbit  errors  from  ~6  mm  to  ~1  mm  in  three 
iterations.  The  correction  could  be  improved  further  by 
using  a  measured  steering  matrix,  which  will  be  possible 
when  automated  magnet  control  becomes  available. 

The  correction  technique  has  now  been  incorporated  in 
the  machine  set-up  schedule.  The  time  to  correct,  or  re¬ 
establish  empirically  optimised  ‘Golden  Orbits’, 
throughout  acceleration  has  been  reduced  from  days  to 
hours.  Planned  automation  should  reduce  this  to  minutes. 

2.2  Further  Closed  Orbit  Work 

Correction  of  closed  orbits  at  injection  will  be  much 
improved  with  the  use  of  chopped  beams,  where  AC 
coupled  monitors  and  the  unbunched  beam  prevents 
reliable  high  intensity  orbit  measurements.  More 
sophisticated  uses  of  the  measurements  and  models  are 
envisaged,  including  the  location  of  alignment  and  field 
errors.  Good  models  of  beam  trajectories  and  closed 
orbits,  at  high  and  low  intensity,  will  be  useful  for 
aperture  studies  and  beam  loss  collector  set-up. 

3  BETA  FUNCTION 

3.1  Multi-turn  Position  Measurements 

Measurement  of  turn  by  turn,  coherent  transverse  motion 
at  a  given  monitor  allows  numerous  ring  parameters  to  be 
extracted  by  fitting  a  suitable  function  [3],  Most  important 
are  centroid  betatron  amplitude  (b),  closed  orbit,  betatron 
Q  and  phase.  Measurements  are  possible  at  high  and  low 
intensity  but  the  most  accurate  results  come  from  the 
latter.  Here  low  intensity  measurements  at  injection  are 
presented;  the  injection  painting  process  conveniently 
provides  the  coherent  motion.  Future  developments  will 
allow  measurements  throughout  the  machine  cycle,  using 
a  fast  kicker  to  excite  the  beam. 

Multiple  digitisers  and  suitable  monitors  now  allow 
simultaneous  measurement  of  the  above  parameters  at  10 
points  around  the  ring.  This  allows  reconstruction  of 
closed  orbit,  phase  advance  and  beta  functions.  Below, 
first  measurements  on  beta  functions  are  summarised. 

3.2  Beta  Function  Measurements 

The  betatron  amplitude  (b,)  at  -10  monitors  is  measured 
on  the  same  pulse.  The  relation  to  the  local  beta  function 
(Pj)  is  b=V(p.£t),  where  the  centroid  emittance  (ec)  is 
identical  at  all  monitors  for  a  given  pulse.  In  comparing 
measurements  sets,  variation  of  £c  from  one  pulse  to 
another  has  to  be  accounted  for. 

To  demonstrate  the  validity  of  the  basic  measurements  a 
set  of  bj  were  measured  first  with  the  synchrotron  in  a 


normal  configuration,  and  then  with  a  deliberate  gradient 
error  introduced  by  switching  off  one  trim  quadrupole. 
The  theoretical  change  in  the  beta  function  due  to  such 
perturbations  is  known  and  gives  an  envelope  oscillation 
at  2Q,  given  by  the  following  formula: 

^7V  =  +.  •  -i^kt<r)p{a)cos2\n{a)-fi(s\-jtQ]iG  (2) 
fi(s)  2  sin  2ttQ  j  h  1 

where  the  notation  is  standard  [4],  The  data  was  then 
brought  into  the  above  form  using  both  measurement  sets, 
and  the  optimal  least  squares  fit  determined.  To  simplify 
interpretation,  only  measurements  at  equivalent  lattice 
positions  in  the  10  superperiods  (where  the  are  ideally 
identical)  were  considered.  The  results  are  plotted  in 
Figure  2. 


Superperiod 

Figure  2:  Perturbation  in  Relative  Beta  due  to  Gradient 
Error  in  Superperiod  2;  Measurement  and  Theory. 

Agreement  between  the  functional  forms  is  good  and 
gives  confidence  in  the  measurements.  A  fuller  theoretical 
comparison  is  being  developed. 

3.3  Further  Applications 

An  obvious  application  for  these  measurements  is  to 
correct  beta  function  perturbation  by  applying  appropriate 
harmonics  to  the  20  trim  quadrupoles.  Measurements 
could  also  be  used  to  locate  single  large  gradient  errors. 
Use  of  two  monitors  separated  by  a  drift  space,  to  deduce 
(y,y’)  on  a  turn  by  turn  basis,  should  allow  measurement 
of  absolute  beta  at  one  monitor;  this  combined  with  the 
above  provides  beta  at  all  monitors.  Absolute  beta  at  each 
trim  quad  can  also  be  calculated  by  measuring  the  change 
in  Q  as  a  function  of  quadrupole  current  [1],  Collectively 
these  measurements  would  yield  the  beta  function  at  30 
points  per  plane. 
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4  LONGITUDINAL  MEASUREMENTS 

4.1  Basic  Measurements 

These  measurements  are  based  on  digitising  the 
longitudinal  bunch  shapes  from  a  capacitative  monitor 
over  thousands  of  turns.  Some  processing,  making  use  of 
the  digitised  RF  voltage,  yields  the  instantaneous  beam 
intensity  as  a  function  of  RF  phase  on  every  turn. 
Moments  analysis  of  the  turn  by  turn  longitudinal 
distributions  then  provides  the  bunch  centroid  phase  and 
bunch  length  on  each  turn.  Using  these  techniques  the 
dynamics  of  both  high  and  low  intensity  beams  can  be 
studied.  Early  results  are  shown  below. 

4.2  High  and  Low  Intensity  Measurements 

Examples  of  bunch  length  measurements  for  a  high 
intensity  beam  are  given  in  Figure  3.  This  shows  bunch 
lengths  at  various  percentages  of  the  peak  instantaneous 
current.  The  95  %  contour  follows  the  theoretical  (zero 
intensity)  RF  bucket  length  in  the  expected  manner,  with 
high  bucket  occupancy  during  trapping  which  then 
decreases  through  acceleration.  Oscillation  at  the 
synchrotron  frequency  is  also  visible. 


Figure  3:  High  Intensity  Bunch  Length  Measurement 
compared  with  theoretical  RF  Bucket  Length. 

The  injection  and  acceleration  of  chopped  beams, 
occupying  less  than  one  turn,  reveal  details  of  longitudinal 
motion.  Depending  on  the  bunch  length,  and  relative 
phase  of  the  injected  beam  with  respect  to  the  RF,  dipole 
and  bunch  length  oscillations  of  various  amplitudes  can  be 
set  up.  From  this,  using  the  processing  described  above, 
the  FFT  of  first  and  second  moments  of  the  longitudinal 
distribution  over  thousands  of  turns  allows  extraction  of 
the  synchrotron  tune  Qs.  Figure  4  shows  good  agreement 
with  theory. 


Figure  4:  Synchrotron  Tune  ( Q J  through  the  machine 
cycle;  Low  Intensity  Measurements  and  Theory. 

4.3  Further  Studies 

The  above  results  represent  the  first  stage  of  measurement 
development.  More  sophisticated  studies  are  planned. 
These  will  include  detailed  investigation  of  phase  stable 
regions,  Qs,  and  effects  of  RF  loops.  The  longitudinal 
diagnostics  are  particularly  important  in  light  of  the 
expected  Dual  Harmonic  RF  upgrade  [5],  which  is 
designed  to  increase  intensity  by  50  %.  Phase  space 
distributions  and  dynamics  may  be  reconstructed  from 
longitudinal  profiles  using  2D  tomographic  techniques  [6]. 
Comparisons  with  results  from  space  charge  codes  are 
also  planned. 

5  CONCLUSIONS 

Upgrades  to  the  diagnostics  are  providing  much  valuable 
and  detailed  information  on  most  aspects  of  beam 
dynamics.  The  challenge  now  lies  in  making  full  use  of 
low  and  high  intensity  measurements  to  understand  and 
optimise  high  intensity  performance. 
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Abstract 

The  CERN  PS  Booster  (PSB)  consists  of  4  superposed 
rings  supplied  with  protons  from  a  50  MeV  Linac.  The 
proton  beam  is  then  accelerated  to  1  GeV  and  sent  either 
to  the  26  GeV  Proton  Synchrotron  (PS)  or  to  the  ISOLDE 
facility.  This  is  carried  out  in  a  multi-cycle  mode  every 
1 .2  s.  For  high-intensity  beams,  the  working-point  in  the 
tune  diagram  needs  to  be  changed  considerably  during 
acceleration  from  50  MeV  to  1  GeV  and  the  repeated 
measurement  of  the  tunes  throughout  the  cycle  is  an 
important  requirement.  Up  to  now,  tune  values  were 
obtained  through  calculations  based  on  quadrupole 
currents.  However,  practical  experience  has  shown  the 
need  for  a  direct  tune  measurement  system.  For  this 
purpose,  a  classical  kick  technique  is  used.  A  fixed 
amplitude  kick  of  duration  equal  to  one  revolution  period 
excites  coherent  betatron  oscillations.  For  fast  treatment, 
a  Digital  Signal  Processing  (DSP)  module  in  a  VME- 
standard  crate  was  selected.  It  carries  out  the  Fast  Fourier 
Transform  (FFT)  analyses  of  signals  from  position- 
sensitive  pickups  in  both  planes  and  evaluates  the  tunes. 
These  measurements  are  carried  out  every  10  ms  during 
the  450  ms  acceleration  ramp.  The  paper  presents  the 
novel  features  of  this  system,  particularly  the  beam-offset 
signal  suppression  as  well  as  the  peak-search  algorithm 
which  yields  the  tune  values. 

1  INTRODUCTION 

The  PSB  was  constructed  as  an  injector  for  the  26  GeV 
PS  and  started  running  in  1972.  In  the  early  days,  the  PSB 
had  a  very  elaborate  measurement  system  to  measure  the 
tune  values  [1],[2],[3]  in  both  planes  for  all  4  Rings.  The 
system  was  based  on  inducing  coherent  betatron 
oscillations  by  the  excitation  of  a  ‘Q-kicker’  for  a 
fraction  of  the  revolution  period.  However,  around  1976, 
it  was  proposed  to  calculate  the  tune  values  based  on  the 
measurement  of  various  magnet  currents  in  the  rings 
[4], [5], [6].  This  meant  that  the  Q-kicker  method  was 
progressively  disused  and  finally  abandoned  in  the 
eighties.  In  parallel,  the  current  acquisition  approach  has 
been  considerably  refined  over  several  generations  of  the 
control  systems,  to  become  the  principal  method  of 
evaluating  the  tunes  in  PSB  rings  to  date.  In  recent 
years,  particularly  in  the  light  of  LHC  beam 
requirements,  it  was  decided  that  a  tune  measurement 
system  using  a  Q-kicker  was  again  necessary  for  the  PSB. 
With  DSP  possibilities  in  a  modern  VME  environment, 


such  measurements  every  10  ms  during  acceleration 
seemed  feasible.  This  approach  was  adopted,  as  in  the  PS 
[7],  and  forms  the  basis  of  the  system  described  here. 

2  SYSTEM  DESCRIPTION 

The  PS  control  system  is  based  on  the  VME  standard. 
DBV96  modules,  which  use  the  Motorola  96001  DSP 
chip,  were  purchased  for  the  PSB  Q  measurement 
System.  The  VME  system  provides  the  interface  to  the 
rest  of  the  control  system  and  permits  the  down-loading 
of  the  DSP  software.  To  perform  a  measurement,  one 
needs  to  excite  betatron  oscillations,  at  the  requested 
times  in  the  machine  cycle.  Timing  pulses  are  generated 
at  these  times,  gated  with  the  revolution  frequency.  To 
ensure  coherence,  the  revolution  frequency  is  obtained 
from  another  VME  crate  which  generates  the  radio 
frequency  signals  for  the  PSB.  The  gated  signal  is  sent  to 
the  pulser,  which  generates  a  one-turn  pulse  to  drive  the 
kicker.  The  same  pulses  are  used  to  trigger  the  ADC, 
starting  the  process  of  putting  the  1024  data  points  into 
memory,  ready  for  the  DSP.  When  the  data  has  been 
acquired,  the  DSP  commences  the  processing.  Fig.  1 
shows  the  main  units  of  the  system. 

Kieker  Horizontal  Vertical 


Figure  1  :  System  block  diagram 
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3  HARDWARE 

The  layout  of  one  acquisition  channel  is  illustrated  in 
Fig.  1.  The  PSB  type-A  electrostatic  pick-up  (PU)  has  4 
identical  electrodes.  The  voltage  induced  on  each 
electrode  is  proportional  to  the  beam  intensity  and  to  the 
distance  of  the  beam  from  the  PU  centre.  The  electrodes 
are  transformer-matched  to  50  Cl  coaxial  cables,  which 
bring  the  signal  from  the  ring  up  to  the  BOSS  units. 
Opposite  pairs  of  electrodes  are  used  for  the  horizontal 
and  vertical  measurements,  which  are  then  processed  in 
identical  analogue  signal  channels. 

3.1  Beam  Offset  Signal  Suppressor! BOSS) 

During  the  acceleration  cycle  the  beam  position  can  move 
significantly  away  from  the  centre  of  the  vacuum 
chamber.  Typically  this  can  be  between  5  to  10  mm.  The 
amplifiers  in  front  of  the  Analogue  to  Digital  Converter 
(ADC)  must  have  their  gain  set  so  that  they  do  not 
saturate,  at  any  point  in  the  machine  cycle.  The  Q 
measurement  pulser  applies  a  500  V  pulse  to  the  kicker 
which  gives  an  oscillation  amplitude  of  -0.1  mm. 
Therefore,  the  measured  signal  is  typically  of  the  order  of 
one  hundredth  of  the  ADC’s  input  range.  To  improve  the 
signal-to-noise  ratio,  one  could  augment  the  amplitude  of 
the  pulse  but  this  has  two  undesirable  consequences.  The 
pulser  becomes  costly  and  difficult  to  maintain  and 
kicking  many  times  along  the  cycle  causes  beam  blow¬ 
up. 

The  BOSS  unit  has  an  input  amplifier  for  each  electrode 
of  a  plane.  The  internal  feedback  system  acts  on  the  gain 
of  the  two  input  amplifiers,  to  give  identical  output 
voltages.  These  two  voltages  are  then  subtracted  to  obtain 
the  betatron  signal.  The  frequency  response  of  the 
feedback  loop  is  chosen  so  that  it  is  fast  enough  to  act  on 
the  relatively  slow  changes  of  the  closed  orbit  position. 
The  betatron  frequencies  are  higher  and  therefore,  are  not 
attenuated. 


fixed  cut-off  frequency  filter.  In  the  future,  these  filter 
trade-off  effects  will  be  minimised  by  sampling  at  four 
times  the  revolution  frequency. 


Effect  of  BOSS  unit 


^  "Corrected 
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Figure  2  :  Effect  of  the  BOSS  unit  on  the  pickup  signal 


3.3  Variable  Gain  Amplifier  &  ADC 

This  uses  a  voltage  programmable  amplifier  followed  by 
a  fixed  gain  buffer.  Its  gain  range  is  -20  dB  to  +60  dB.  At 
present,  the  gain  is  set  by  a  front  panel  potentiometer  but, 
this  could  be  controlled  by  a  DAC.  For  routine  operation, 
the  gain  is  set  so  that  there  is  no  saturation  with  the 
highest  beam  intensity.  The  system  then  measures  over  a 
range  of  1  x  1012  to  3  x  1013  protons  per  pulse.  A  12-bit 
resolution,  lx  106  samples/s  ADC  is  used,  giving  a  80  dB 
dynamic  range  in  the  power  spectrum. 

3.4  Pulser 


3.2  Filter 

The  PSB  revolution  period  is  1.67  ps  at  injection  and 
0.54  ps  at  extraction.  There  are  fixed  cable  delays 
between  the  sample  clock  generator  and  the  pickup  signal 
of  the  order  of  1  ps.  This  makes  it  difficult  to  control  the 
phase  between  the  bunch  signal  and  the  sample  clock.  At 
present,  the  sample  clock  is  at  twice  the  revolution 
frequency.  The  beam  can  have  a  bunching  factor  of  down 
to  0.4.  These  conditions  can  result  in  the  ADC  taking  a 
block  of  data,  sampled  between  the  bunch  signals.  This 
effect  can  be  clearly  seen  on  the  trace  of  the  raw  signal 
without  BOSS,  as  short  “drop-outs”  of  the  signal.  In  an 
ideal  case,  the  filter  cut-off  frequency  should  follow  the 
revolution  frequency.  However,  by  choosing  a  filter  with 
a  cut-off  frequency  sufficiently  low  to  stretch  the  bunch 
signal  at  injection,  but  high  enough  not  to  attenuate  the 
betatron  frequencies  too  much  at  extraction,  one  can  use  a 


To  carry  out  a  tune  measurement,  betatron  oscillations  are 
excited  by  pulsing  a  kicker  in  each  ring.  The  amplitude 
of  the  kick  had  to  be  chosen  based  on  the  criteria  that  it 
must  be  large  enough  to  produce  reliable  measurements, 
but  small  enough  to  avoid  blowing  up  the  beam  [4].  The 
present  pulser  is  a  device  of  the  utmost  simplicity.  It  is 
driven  by  a  5  V  logic  signal  which  is  gated  to  equal  one 
revolution  period.  The  pulse  is  isolated  by  an  opto- 
coupler  and  further  gated  by  two  monostable 
multivibrators.  These  limit  the  maximum  pulse  length  to 
2  ps,  and  the  maximum  repetition  frequency  to  200  Hz. 
The  pulse  is  then  amplified  to  15  V  to  drive  the  output 
stage.  This  consists  of  two  power  MOSFETS  wired  as 
10  A  current  sources.  These  are  connected  in  parallel  to 
an  isolating  transformer,  which  drives  the  kicker.  The 
transformer  permits  ground  isolation  between  the  pulser 
and  the  kicker.  It  also  permits  an  output  pulse  of  either 
polarity,  without  recourse  to  floating  power  supplies. 
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4  SIGNAL  PROCESSING  &  SOFTWARE 

The  filtered  PU  signal  is  digitised  by  an  ADC  sampling  at 
twice  the  revolution  frequency  in  a  synchronised  manner. 
The  time  series  obtained  consists  of  1024  samples.  This 
time  series  is  manipulated  by  DSP  programs  in  order  to 
extract  the  information  needed,  i.e.  the  machine  fractional 
tune.  The  first  tasks  (applying  a  72  dB  Blackman-Harris 
window  [8],  FFT  transforms,  power  spectrum 
computation  and  peak  search)  are  coded  in  assembler 
language  to  achieve  the  required  speed.  A  peak  search 
algorithm  was  developed  to  find  all  the  frequencies 
corresponding  to  the  first  peaks  in  the  power  spectrum 
which  are  above  a  given  noise  level.  It  consists  of  two 
phases  :  the  coarse  search  and  the  fine  tuning.  The  former 
is  based  on  first  order  differences  which  generate  a  three- 
levels  function  :  0  if  at  least  one  of  the  values  is  below  the 
noise  level,  -1  if  the  first  order  difference  is  negative  and 
+1  if  it  is  positive. 

The  required  frequencies/0’  are  those  at  which  the  value 
of  this  auxiliary  function  jumps  from  +1  to  -1.  A  simple 
algorithm  sorts  the  obtained  maxima  in  descending  order. 
It  is  well  known  that  the  effect  of  the  finite  duration  of  the 
time  series  is  to  convolute  the  spectral  estimate  with  a 
kernel  which  depends  on  the  chosen  window.  This 
“leakage  effect”  introduces  a  small  error  (less  than  the 
frequency  sampling  interval  A/)  in  the  computation  of  the 
frequency  of  the  maximum.  One  may  assume  that  the 
square  root  of  the  power  spectrum  z(f)  is  well 
approximated  by  a  parabola  in  the  neighbourhood  of  the 
maximum  for  most  types  of  windows  by  : 

*(/)  *  Zmax  [!“«(/-  fmJ2) 

where  zmax,  /max  and  a  are  the  square  root  of  the  power 
spectrum  maximum,  the  corresponding  frequency  and  the 
frequency  spread  respectively.  If  z0,  z ,,  z,  are  the  values 
z(f  °’),  z(f  °’-A f)  and  z(f  °’+A /),  simple  algebra  gives  the 
following  second  estimate  of /miB  : 

y( 2)  _  yd) _ Z-i  ~  Zx  ^ y 

2(z_,-2z0  +  z1) 

The  program  checks  if  the  fraction  in  this  expression  is 
less  than  1  in  absolute  value  to  ensure  the  validity  of  the 
second  estimate.  It  is  not  usually  the  case  when  z  ,and  z, 
are  below  the  noise  level. 

A  program  written  in  C  language  computes  the  machine 
fractional  tunes  in  the  DSP  board  and  subsequently 
delivers  them  in  the  correct  format  to  the  control  system. 
Display  programs  at  the  console  provide  the  operator  with 
the  complete  behaviour  of  the  fractional  tune  along  the 
machine  cycle  (Fig.  3).  Facilities  are  available  to  observe 


all  the  data  including  the  raw  ADC  samples  and  the  FFT 
Spectra. 


Figure  3.  Display  of  the  measured  horizontal  and  vertical 
fractional  tune  in  the  PS  Booster  ring  3. 

5  CONCLUSIONS 

The  PSB  tune  measurement  system  is  evolving  rapidly; 
considerable  modifications  are  underway  to  permit 
measurements  in  all  4  rings  by  mutiplexing  the  treated 
source  signals  to  the  ADC  and  DSP  chain.  A  new  ADC 
board  and  a  timing  burst  generator  are  also  to  be  added 
together  with  a  more  powerful,  controllable  pulser  to 
augment  the  kick  strength.  With  the  rapid  evolution  in 
DSP  technologies,  a  more  modern  DSP  Board  in  VME 
will  also  have  to  be  considered  in  the  near  future;  this 
would  permit  identical  hardware  configurations  for  the 
PSB  and  PS  Rings. 
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MEASUREMENT  OF  BEAM  CHARACTERISTICS  OF  PLS  LINAC* 
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Abstract 

The  PLS  (Pohang  Light  Source)  linac  has  been  operated 
routinely  as  the  injection  linac  for  PLS,  a  third- 
generation  synchrotron  light  source.  The  transverse 
electron  beam  emittance  was  measured  at  the  pre¬ 
injector  end  of  the  PLS  linac,  where  the  beam  energy  is 
about  100  MeV.  The  emittance  was  measured  using  a 
quadrupole  magnet  and  a  fluorescent  target.  We  used  a 
progressive  scan  CCD  camera  with  an  asynchronous 
random  trigger  shutter  to  obtain  precise  beam  sizes.  The 
beam  image  analysis  was  made  with  a  PC  equipped  with 
a  frame  grabber.  Bunch  length  was  also  measured  at  the 
pre-injector  end  using  a  streak  camera  to  observe 
transition  radiation  emitted  from  a  radiator  inserted  into 
the  beam  path.  The  measurement  system  and  the  results 
are  described  in  detail. 

1  INTRODUCTION 

The  PLS  (Pohang  Light  Source)  linac  has  been  operated 
as  the  full  energy  injection  linac  for  the  PLS,  a  third 
generation  synchrotron  light  source  storage  ring  [1,2].  It 
provides  electron  beams  to  the  PLS  storage  ring  twice  a 
day.  In  the  regular  injection  mode,  the  electron  beams 
from  the  gun  has  a  pulse  width  of  less  than  1  ns 
(FWHM),  beam  current  of  1.7  A,  and  repetition  rate  of 
10  Hz. 

Just  after  the  completion  of  the  linac  and  during  the 
commissioning  period  in  1994,  beam  parameters  were 
measured  and  reported  [1].  To  further  improve  the  beam 
quality  and  the  operation  stability  of  the  linac,  we  are 
again  measuring  the  electron  beam  parameters  at  the 
linac. 

In  this  paper  we  describe  some  preliminary  results  on 
the  emittance  and  bunch  length  measurements  done  at 
the  pre-injector  of  the  linac.  The  pre-injector  includes 
the  bunching  system  and  two  accelerating  columns.  The 
prebuncher  is  an  S-band  standing-wave  type  cavity,  and 
the  buncher  has  a  traveling-wave  structure  with  four 
cavities.  The  pre-injector  is  powered  by  the  first 
klystron-modulator  module,  and  accelerates  the  electron 
beam  to  100  MeV. 

Figure  1  shows  typical  electron  beam  transmission 
efficiency  along  the  linac,  under  the  usual  beam 
acceleration  condition  for  normal  injection  into  the 
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storage  ring.  The  first  wall  current  monitor  (WCM)  is 
located  near  the  exit  of  the  electron  gun  and  the  second 
WCM  is  located  at  the  end  of  pre-injector.  The  electron 
beam  loss  occurs  mainly  during  the  bunching  process 
and  the  first  acceleration  stage,  and  the  transmission 
efficiency  at  the  pre-injector  is  about  60%.  After  the  pre- 
injector,  the  electron  beam  is  transmitted  to  the  linac  end 
with  small  beam  loss.  The  results  reported  in  this  paper 
refer  to  this  beam  condition  unless  otherwise  stated. 


Figure  1:  Beam  current  transmission  efficiency  along  the 
linac  measured  by  wall  current  monitors. 

2  EMITTANCE  MEASUREMENT 

The  transverse  electron  beam  emittance  was  measured  at 
the  pre-injector  using  a  quadrupole  magnet  (QM)  and  a 
beam  profile  monitor  (BPRM)  utilizing  a  fluorescent 
screen. 

In  order  to  measure  the  exact  electron  beam  spot  sizes 
on  the  BPRM  screen,  we  used  a  frame  grabber  (LBA- 
300PC,  Spiricon  Inc.)  and  an  asynchronous  CCD  camera 
(CV-M10,  Costar  Ind.),  in  which  the  camera  shutter 
timing  can  be  controlled  by  the  beam  trigger.  To  have  a 
good  resolution  the  camera  was  operated  in  the 
progressive  scan  mode  during  the  measurements. 

Although  we  have  one  set  of  a  QM  and  a  BPRM  in  the 
drift  space  of  the  pre-injector,  the  distance  between  the 
QM  and  the  BPRM  is  too  short  to  observe  an  appreciable 
change  of  the  beam  spot  size  with  the  change  of  the  QM 
excitation  current.  Instead,  we  measured  the  beam  size  at 
a  BPRM  located  in  the  beam  energy  analyzing  station. 
Since  the  horizontal  beam  size  can  be  affected  by  the 
dispersion  function  of  the  bending  magnet,  it  is 
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necessary  to  isolate  its  contribution  from  the  observed 
horizontal  beam  size. 

The  beam  spot  sizes  in  the  vertical  direction  are  shown 
in  the  Fig.  2  as  a  function  of  the  QM  excitation  current. 
The  emittance  was  calculated  from  these  measured  beam 
sizes  by  the  relationship  on  the  beam  radius  and  beam 
matrix  elements  [3],  The  calculated  emittance  value  was 
about  80  Tt  mm-mrad.  While  the  beam  intensity  profiles 
were  Gaussian  shapes  in  the  vertical  direction,  the 
horizontal  beam  sizes  varied  largely  from  pulse  to  pulse. 
Therefore,  no  reliable  data  about  beam  spot  sizes  were 
obtained  in  the  horizontal  direction  during  the 
preliminary  measurement.  This  pulse-to-pulse  beam  size 
variation  is  believed  to  be  caused  by  beam  energy  jitters, 
probably  due  to  the  temporal  instability  of  the  modulator 
and  other  components.  We  are  planning  to  continue  the 
emittance  measurement  at  the  pre-injector  after  reducing 
the  energy  jitters. 

The  energy  spread  of  the  electron  beams  at  the  pre¬ 
injector  was  measured  from  the  horizontal  beam  sizes  in 
the  beam  analyzing  station  using  the  frame  grabber.  The 
observed  energy  spread  at  the  pre-injector  was  about 
+0.27%,  and  this  energy  spread  varied  from  ±0.24  to 
±0.3%  from  pulse  to  pulse. 


Figure  2:  Variation  of  the  vertical  beam  spot  size  with 
the  current  of  the  focusing  quadrupole  magnet. 

3  BUNCH  LENGTH  MEASUREMENT 

Bunch  lengths  were  measured  using  the  optical  transition 
radiation  (OTR)  emitted  from  a  metal  target  when 
accelerated  electron  beams  impinged  on  the  target.  The 
bunch  monitor  system  utilizing  OTR  has  favorable 
characteristics  to  accurately  measure  the  bunch  shape 
and  the  bunch  length,  and  is  widely  used  in  electron 
linacs  [4,5],  The  schematic  layout  of  the  measurement 
system  is  shown  in  Fig.  3. 

The  target  is  made  of  stainless  steel  2.6  mm  thick,  and 
its  surface  was  polished  to  the  roughness  less  than  0.1 
pm  in  Ra  value.  The  target  chamber  was  installed  at  the 
pre-injector  end  where  the  electron  energy  is  100  MeV. 
The  emitted  OTR  is  guided  to  the  gallery  via  optical 
components  such  as  lenses  and  mirrors.  To  block  stray 
light  and  to  have  better  S/N  ratio,  the  optical 


components  were  surrounded  by  a  light-shielding 
structure.  The  guided  OTR  was  measured  by  a  streak 
camera  (Hamamatsu  Photonics  K.  K.  Co.)  with  a  fast 
single  sweep  unit.  Since  the  beam  intensity  was  not  high 
enough,  the  alignment  of  the  optical  components  was 
critical  in  the  measurement.  We  aligned  the  optical 
components  with  a  He-Ne  laser.  The  optical  path  from 
the  target  to  the  streak  camera  is  about  10  m  long.  The 
time  resolution  of  the  streak  camera  is  less  than  2  ps, 
which  is  a  sufficiently  small  value  for  S-band  linac 
bunch  length  measurement.  To  keep  better  time 
resolution  the  slit  width  of  the  streak  camera  was  kept  as 
narrow  as  20  pm. 
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Figure  3:  Layout  of  the  bunch  length  measurement 
system. 

Figure  4  shows  two  examples  of  the  streak  camera 
image  of  the  bunch  train  contained  in  one  electron  beam 
pulse.  The  electron  beam  has  a  pulse  width  less  than  1  ns 
(FWHM)  and  a  beam  current  of  about  1  A.  Five  bunches 
are  observed  in  one  beam  pulse. 


Figure  4:  Streak  camera  images  of  the  bunch  train 
contained  in  one  beam  pulse  of  1  ns.  The  vertical 
direction  corresponds  to  time  axis  and  in  this  case  time 
range  is  2  ns. 

As  is  clear  in  Fig.  4(a),  the  bunch  lengths  were 
different  from  bunch  to  bunch.  The  length  of  a  bunch 
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with  more  charge  content  tends  to  be  larger.  In  addition, 


the  charge  distributions  among  the  bunches  show 
different  pattern  from  pulse  to  pulse.  On  the  other  hand, 
Fig.  4(b)  shows  relatively  uniform  bunch  lengths.  These 
phenomena  can  be  explained  qualitatively  by  two  facts; 
the  time  structure  of  the  electron  charge  emitted  from 
the  electron  gun  has  a  triangular  shape  due  to  a  short 
pulse  length,  and  the  electron  beam  and  RF  phase  of  the 
bunching  system  do  not  have  definite  synchronization  in 
our  linac. 

The  effects  of  RF  parameters  of  the  bunching  system 
on  bunch  length  have  been  investigated.  Measurements 
were  done  for  the  beam  of  2-ns  pulse  length  to  reduce 
the  above-mentioned  bunch  length  variation  from  bunch 
to  bunch  and  from  pulse  to  pulse.  Figure  5  shows  the 
bunch  image  and  intensity  profile  for  the  case  where  RF 
parameters  of  the  bunching  system  were  not  optimally 
adjusted.  The  bunch  lengths  in  this  case  were  more  than 
17  ps.  On  the  other  hand,  Fig.  6  shows  the  bunch  image 
and  intensity  profile  after  RF  parameters  were  adjusted. 
Bunch  lengths  were  reduced  to  less  than  12  ps  by  the 
adjustment  of  the  RF  parameters  of  the  bunching  system. 
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Figure  5:  (a)  Bunch  image  and  (b)  intensity  profile  of 
bunch  before  RF  parameters  of  the  bunching  system 
were  adjusted.  In  (a)  the  vertical  axis  corresponds  to 
streak  time  whose  range  is  500  ps,  and  the  intensity 
profile  of  the  lower  bunch  is  plotted  in  (b). 


4  SUMMARY 

We  have  been  measuring  electron  beam  parameters  at 
the  pre-injector  of  the  PLS  linac.  The  measured  beams 
have  the  same  condition  as  the  beam  injected  to  the 
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Figure  6:  (a)  Bunch  image  and  (b)  intensity  profile  of  the 
bunch  after  RF  parameters  of  the  bunching  system  were 
adjusted.  The  intensity  profile  represents  the  lower 
bunch  shown  in  (a). 


storage  ring.  The  transverse  emittance  in  the  vertical 
direction  was  measured.  Preliminary  measurement 
results  were  presented.  We  are  planning  to  continue  the 
bunch  length  and  emittance  measurement  at  the  pre¬ 
injector  after  reducing  the  pulse-to-pulse  energy  jitters. 
The  beam  parameter  measurements  at  the  linac  end  are 
now  in  progress. 
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DESIGN  OF  AN  ELECTROSTATIC  ENERGY  SEPARATOR 
FOR  THE  ISIS  RFQ  TEST  STAND 

J.  Duke.  A.  Letchford,  RAL,  Chilton,  Didcot,  UK 


Abstract 

It  is  planned  to  replace  the  665  keV  Cockroft  Walton  set 
of  the  ISIS  spallation  neutron  source  in  the  UK  with  a  four 
rod  RFQ.  Before  this  replacement  is  made,  the 
performance  of  the  RFQ  will  be  extensively  assessed  on  a 
test  stand.  One  of  the  quantities  we  hope  to  measure  is  the 
proportion  of  accelerated  (  trapped  )  beam  at  the  exit  of 
the  RFQ  for  various  H'  ion  source  currents  and  rod 
voltages.  In  order  to  do  this  it  is  necessary  to  separate  the 
untrapped  beam  which  is  largely  at  the  ion  source 
extraction  energy  of  35  keV  from  the  trapped  beam  which 
has  an  energy  centred  on  665  keV.  This  paper  describes 
the  design  process  for  an  instrument  to  perform  this 
separation  using  parallel  electrostatic  plates  to  bend  away 
the  low  energy  beam  while  allowing  all  the  higher  energy 
beam  to  pass  through,  therefore  measuring  directly  the 
fraction  of  trapped  beam,  and  by  implication  the  fraction 
of  untrapped  beam. 

1  THE  DESIGN  PROCESS 

The  aim  of  the  investigation  was  to  find  a  method  of 
removing  the  low  energy  component  from  the  beam  while 
retaining  the  high  energy  component  for  long  enough  that 
its  current  could  be  measured.  Initially,  extensive  studies 
were  performed  to  discover  if  it  was  possible  to  use  the 
chromaticity  of  a  series  of  quadrupoles  to  over  focus  the 
low  energy  beam  and  cause  it  to  hit  the  beam  pipe  while 
retaining  the  high  energy  beam.  (  For  the  purposes  of  this 
paper,  ‘high  energy’  is  defined  as  0.665  ±0.1  MeV  and 
low  energy  is  anything  less  than  this  ).  Solutions  were 
found,  but  due  to  the  highly  divergent  beam  from  the  RFQ 
the  beam  size  grows  large  very  quickly,  making  it 
necessary  to  have  very  large  bore  quadrupoles  in  order  not 
to  lose  any  high  energy  beam.  The  size,  weight  and  cost  of 
these  quadrupoles  caused  us  to  look  for  another  way  of 
separating  the  two  energy  groups.  The  fact  that  the 
untrapped  beam  is  at  such  low  energy  and  that  there  is  a 
wide  gap  between  the  two  energy  groups  caused  us  to 
think  of  using  an  electrostatic  method  of  separating  the 
groups. 

Studies  were  performed  to  investigate  the  feasibility 
of  using  two  parallel  high  voltage  plates  of  opposite 
polarity  to  deflect  the  low  energy  beam  more  than  the 
high  energy  beam.  These  were  done  by  tracking  a  ‘large’ 
distribution  of  quasi-particles  which  had  been  generated 
by  an  RFQ  simulation  program  written  by  A.  Letchford. 
The  final  optimisation  was  performed  using  an  initial 


distribution  of  95351  quasi-particles,  of  which  89349 
were  ‘high  energy’  and  6002  of  lower  energy,  which 
corresponds  to  fractions  of  93.7%  and  6.3%  respectively. 
Particle  tracking  was  performed  with  Parmila  [1] 
throughout,  and  various  Fortran  routines  were  written  to 
perform  tasks  such  as  counting  the  proportions  in  the  two 
energy  groups  at  various  stages  of  the  device,  calculating 
the  trajectories  of  all  the  particles  as  they  pass  through  the 
electric  field  and  calculating  the  distribution  of  particles 
hits  on  the  plate  which  the  particles  are  bent  towards. 

The  parallel  plate  device  was  to  be  situated  in  the 
second  half  of  a  diagnostics  box  of  outside  length  430 
mm,  the  first  half  of  which  will  contain  an  emittance 
scanner.  The  entrance  port  of  the  box  ends  163  mm  after 
the  end  of  the  RFQ  rods.  At  this  point  the  low  energy 
beam  is  already  being  lost  on  the  70  mm  diameter  beam 
pipe,  and  all  components  of  the  beam  are  diverging.  At 
the  entrance  port  to  the  box,  the  high  energy  component  is 
quite  round  with  a  radius  in  both  transverse  directions  of 
about  8  mm.  By  the  middle  of  the  box,  e.g.  after  253  mm 
from  the  port,  the  beam  looks  transversely  like  Figure  1 . 


Fig.  1 

Transverse  distribution  of  all  remaining  particles  at 
position  of  beginning  of  parallel  plates, 
if  there  were  no  aperture  plate 

The  radius  in  the  x  direction  of  the  high  energy  beam  only 
at  the  same  point  in  the  box  is  about  1 .5  cm.  This  means 
that  if  nothing  else  were  done  the  low  energy  beam  would 
have  to  be  bent  ~(  1.5  +  8.0  )  cm  more  than  the  high 
energy  beam  to  be  spatially  separated. 

For  this  reason  an  aperture  plate  was  added  to  the  middle 
of  the  box,  217  mm  after  the  entrance  port,  to  crop  the  low 
energy  component  as  tightly  around  the  high  energy 
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component  as  possible  without  losing  any  high  energy 
particles.  The  aperture  was  chosen  to  be  of  radius  35  mm 
which  was  a  little  larger  than  the  radial  co-ordinate  of  any 
high  energy  particle. 

As  shown  by  Figure  2,  the  beam  after  the  aperture 
plate  has  a  considerable  spread  of  energies  intermediate  to 
the  two  main  groups.  Although  not  clearly  visible  on  Fig. 
2,  the  energy  distribution  also  contains  some  fine  structure 
caused  by  the  way  particles  in  the  RFQ  are  more  likely  to 
be  lost  at  particular  places  in  the  r.f.  bucket  and  hence 
cluster  around  certain  energies. 
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Fig.  2 

Plot  of  x  versus  kinetic  energy  T  for  all  remaining 
particles  at  the  start  of  the  parallel  plates, 
with  the  aperture  plate 

The  voltage  to  be  used  on  the  parallel  plates  was  decided 
by  setting  the  separation  of  the  plates  to  be  large  enough 
that  the  high  energy  beam  would  not  strike  them  even 
after  being  bent,  and  then  trying  different  voltages  in  the 
program  written  to  calculate  the  effect  of  the  bending 
field.  The  final  current  was  to  be  measured  with  a  beam 
toroid,  whose  accuracy  was  estimated  to  be  no  better  than 
1  %,  so  the  system  only  had  to  be  designed  to  separate  the 
low  energy  particles  to  the  order  of  1%  of  the  total 
number  of  particles.  Using  a  45  mm  final  aperture 
throughout,  100%  of  high  energy  particles  survived.  The 
results  for  the  low  energy  particles  are  in  Table  1  below:  * 

Table  1 

Plate  Voltages  %  of  original  low  energy  Low  energy 
particles  remaining  particles 
(±kV)  %  of  total 


20 

6.486 

0.699 

25 

4.906 

0.529 

30 

3.933 

0.424 

Plate  voltages  of  ±  25  kV  were  chosen  because  this  gives 
an  error  in  the  high  energy  beam  of  less  than  1%. 

Using  ±  25  kV  on  the  parallel  plates  with  a 
separation  of  70  mm,  split  left  and  right  33  and  37  mm 
respectively  (  non-symmetrical  to  maintain  the  highest 
field  while  still  allowing  for  the  small  bending  of  the  high 
energy  component  ),  the  bending  effect  of  the  plates  on 
the  particles  was  calculated.  Plates  140  mm  long  were 
used,  because  these  were  as  long  as  possible  in  the  space 
available  while  leaving  good  clearance  at  either  end  to 
avoid  sparking  between  the  parallel  plates  and  the 
aperture  and  end  plates.  The  clearances  were  26  mm  to 
the  aperture  plate  and  30  mm  to  the  endplate.  In  all  later 
calculations,  the  particles  are  shown  being  bent  to  the 
right,  but  this  was  an  arbitrary  choice.  Figure  3  shows  the 
transverse  positions  of  particles  at  the  toroid  if  they  could 
pass  through  the  parallel  plate  without  being  stopped. 
Figure  4  shows  the  calculated  distribution  of  hits  on  the 
right  hand  parallel  plate.  From  this  plot  the  height  of  the 
plate  from  the  centre  line  was  chosen  to  be  60  mm.  The 
nine  particles  plotted  at  x  =  -  1  have  been  reflected  by  the 
potential  barrier  they  encountered  between  the  plates. 

1.1  Temperatures  of  the  parallel  plate  and  the 
aperture  plate 

Using  this  distribution  of  hits  and  the  distribution  of  hits 
on  the  front  face  of  the  aperture  plate  to  estimate  the  peak 
number  density  and  hence  the  peak  power  density  being 
absorbed  by  the  plates,  estimates  were  made  for  the 
maximum  temperatures  reached  by  these  components  in 
normal  operation  at  50  mA  ( the  maximum  expected  peak 
operating  current )  for  both  1%  and  10%  duty  cycles.  On 
the  basis  of  heat  loss  by  radiation  only,  the  maximum 
temperatures  at  10%  Duty  Cycle  and  50  mA  beam  current 
were  307°C  for  the  parallel  plate  and  233°C  for  the 
aperture  plate.  The  aperture  plate  is  to  be  made  of  10  mm 
Stainless  Steel  and  the  parallel  plates  and  their  supporting 
rods  have  already  been  made  from  Copper.  The  plates  are 
4mm  thick. 

These  estimated  temperatures  are  comfortably  below 
the  melting  points  of  these  materials. 

Figure  5  shows  the  way  the  particles  of  lower  energy 
have  been  bent  to  the  right  and  lost  on  the  final  aperture. 
The  particles  which  cannot  be  separated  and  which  have  x 
values  within  the  high  energy  group  can  also  be  seen. 


*  The  figures  in  Table  1  are  different  to  those  in  Table  2  because  the 
calculation  in  Table  1  did  not  include  the  effect  on  the  particles’ 
energies  of  entering  and  leaving  the  region  of  high  potentials  between 
the  plates,  from  and  to  the  region  outside,  which  has  zero  potential.  All 
other  calculations  in  this  paper  do  include  this  effect,  which  was  found 
later  in  the  investigation  to  be  non-negligible. 
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Fig.  3 

Transverse  distribution  of  particles  just  before  toroid 
using  ±  25kV  140mm  long  plates,  if  no  particles  were 
intercepted  by  the  parallel  plates 


Fig.  4 

The  distribution  of  hits  on  the  parallel  plate 
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Fig.  5 

Plot  of  x  versus  energy  T  after  being  bent  and  passing 
through  an  aperture  of  radius  45mm  at  the  exit  of  the 
diagnostics  box 


2  RESULTS 

Below  in  Table  2  are  shown  the  fractions  of  high  and  low 
energy  particles  remaining  at  the  position  of  the  final 
toroid  which  surrounds  the  exit  port  of  the  device  for  two 
different  exit  port  radii.  If : 

Nh  =  Number  of  high  energy  quasi-particles  at 
end  of  the  device, 

ANh=  Change  from  original  number  of  high  energy 
particles, 

Nl  =  Number  of  low  energy  quasi-particles  at 
end  of  device, 

ANl=  Change  from  original  number  of  low  energy 
particles,  and 

NT  =  NH  +  Nl  =  original  total  number  of  quasi-particles, 
then: 

Table  2 

Aperture  NH  (AN„)  %  high  N  (AN  )  %  low  — 

Nt 

(mm)  remaining  remaining  (%) 

35  89316  (-  33  >99.96  212  (-5790)  3.66  0.22 
45  89349  (  +  0)  100  286  (-  5716 )  4.77  0.30 

3  CONCLUSIONS 

Simulations  indicate  that  the  energy  separator  system  as 
specified  above,  i.e.  a  35  mm  radius  aperture  26  mm 
before  two  parallel  plates  140  mm  long  ,  separated  by  70 
mm,  with  +  25  kV  on  them,  followed  by  a  drift  of  30  mm 
and  an  end  aperture  of  radius  45  mm,  should  be  able  to 
reduce  the  initial  number  of  low  energy  particles  to  4.8  % 
of  their  original  number.  This  represents  0.30  %  of  the 
total  particle  numbers,  which  is  comfortably  below  the 
expected  accuracy  of  the  toroid  which  will  be  used  to 
measure  the  exit  current.  This  system  will  produce  peak 
temperatures  for  10%  Duty  Cycle  and  50  mA  beam 
current,  the  maximum  power  that  can  be  envisaged  being 
used,  on  the  parallel  plate  of  about  307°C,  and  on  the 
aperture  plate  of  about  233°C,  in  the  most  likely  estimate. 
This  system  is  expected  to  draw  about  0.73  mA  from  the 
power  supplies  for  the  parallel  plates. 
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Abstract 

An  overview  of  the  instrumentation  installed  in  the 
Fermilab  Main  Injector  is  presented.  Efficiency,  beam 
loss,  average  intensity,  bunch  intensity,  position,  betatron 
and  synchrotron  oscillation  frequency,  as  well  as 
transverse  and  longitudinal  profiles  are  measured. 
Systems  such  as  the  Beamline  Tuner  and  the  Ionization 
Profile  Monitor  track  changes  through  the  accelerating 
cycle  and  analyze  their  rate  of  change. 

1  INTENSITY  MONITORS 

1.1  DC  Current  Transformers 

The  DC  current  transformer  (DCCT)  used  in  Main 
Injector  was  designed  at  Fermilab  for  the  Main  Ring  [2]. 
The  device  measures  the  second  harmonic  content  from 
excitation  windings  to  control  a  bucking  current  through 
magnetic  cores  surrounding  the  beam.  The  circuit  is 
carefully  balanced  to  maintain  no  net  magnetic  flux  in  the 
cores  by  making  the  bucking  current  exactly  cancel  the 
beam  current.  The  bucking  current  is  then  a  measure  of 
the  DC  beam  current.  A  careful  balance  of  transformer 
coupling  provides  bandwidth  from  DC  to  several 
kilohertz. 

A  commercial  current  monitor  was  purchased  for  the 
Recycler  ring  (Bergoz,  Crozet  France).  The  unit  has  100 
kilohertz  bandwidth,  7  decades  of  dynamic  range,  and  .05% 
accuracy  [3]. 

1.2  Torroids 

Torroids  (Pearson  Electronics  Inc.,  Palo  Alto 
California)  provide  an  inexpensive  method  of  measuring 
beamline  intensities  and  thus  transfer  efficiency.  These 
devices  are  transformer  coupled  to  the  beam  current  and 
have  no  DC  response.  Their  bandwidth  is  40  hertz  to  7 
megahertz  and  they  produce  1  volt  per  amp.  A  gated 
integrator  is  used  to  measure  the  total  charge.  Cable  loss 
and  matching,  beam  structure,  limited  bandwidth,  and 
finite  integration  time  result  in  2%  absolute  accuracy. 
Relative  accuracy  is  about  ten  times  better.  The 
calibration  is  adversely  affected  when  secondary  particles 
created  by  beam  losses  strike  the  torroid. 

2  LOSS  MONITORS 

The  same  argon  filled  ion  chamber  (Troy-onics  Inc., 
Kenvil,  NJ)  is  used  for  Main  Injector,  beamline,  and 
Tevatron  loss  monitors  [4],  The  sensitivity  is  7e-8 
coulombs  per  rad.  The  maximum  signal  is  100  rads 
"instantaneous  dose  rate"  or  7e-6  coulombs  of  collected 
charge.  Electronic  noise  limits  the  dynamic  range  to  6 
decades. 


2. 1  Main  Injector  Loss  Monitor  Integrator 

The  daughter  card  used  for  the  250  Main  Injector  loss 
monitors  has  two  channels.  One  channel  provides  a  re- 
setable  integrator  with  a  full  scale  output  of  0.14  rads. 
An  8  bit  A/D  converter  provides  about  2  decades  of 
dynamic  range.  The  second  channel  provides  a 
complicated  decay  integrator  output  to  the  MADC  for 
time  plotting.  It  has  selectable  gain  advertised  as  .014  or 
1 .4  rads  full  scale.  The  response  depends  heavily  on  the 
time  structure  of  the  losses.  Between  100  and  1000  hertz 
for  example,  the  low  gain  setting  produces  full  scale  for 
140  rads/second. 

2.2  Beamline  Loss  Monitor  Integrator 

A  new  daughter  card  was  designed  and  built  for  the 
106  beamline  loss  monitors.  It  uses  a  "decaying 
integrator"  circuit  with  a  logarithmic  response  and  a  1 
decade  per  30  msec  decay  time.  The  log  amplifier  has  a  6 
decade  dynamic  range.  For  losses  shorter  than  1  msec  (as 
in  the  beamlines),  1  rad  will  produce  the  full  scale  output. 
For  dc  losses,  the  full  scale  output  is  1000  rads/sec. 

3  POSITION  MONITORS 

3.1  Position  Detectors 

To  conserve  tunnel  space  and  maintain  the  beam  pipe 
shape  and  minimize  beam  impedance,  new  detectors  were 
designed  that  fit  inside  the  downstream  end  of  every 
quadrupole  [5].  The  208  detectors  measure  4  positions  per 
betatron  wavelength  in  both  the  horizontal  and  vertical 
planes. 

The  detector  has  four  striplines  that  can  be  combined 
in  pairs  to  measure  either  horizontal  or  vertical  position  at 
each  quad.  The  plate  width,  position,  and  length  were 
selected  for  best  linearity  and  signal  amplitude  to  match 
the  Main  Ring  rf  modules.  The  Main  Injector  bpm's 
provide  about  0.7  db/mm  for  the  ratio  of  A  to  B. 

The  four  plate  structure  exhibits  a  pin  cushion  error 
which  mirrors  the  field  lines  produced  between  the  plates 
and  the  beam  charge.  This  distortion  couples  the 
horizontal  and  vertical  measurements  for  positions  far  off 
axis.  Each  detector  was  mapped  with  a  set  of  50  wire 
measurements  at  5  mm  spacing.  This  data  was  collected 
into  a  database  and  can  be  used  to  correct  orbits  with  data 
from  the  orthogonal  plane  [6], 

The  Recycler  ring  uses  a  split  tube  design  with  separate 
horizontal  and  vertical  geometry.  Positions  are 
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measured  at  438  locations.  The  detector  design 
allows  a  500  volt  clearing  field  to  be  applied  to  the  bpm 
plates.  Larger  aperture  detectors  are  required  at  24 
locations  near  injection  and  extraction  points. 

3.2  Position  Electronics 

The  electronics  from  Main  Ring  were  re  used  in  the 
Main  Injector.  The  system  employs  the  AM  to  PM 
conversion  technique  to  measure  the  relative  amplitudes  of 
the  A  and  B  detector  signals  and  thus  the  beam  position. 
The  multibus  system  used  to  digitize  the  results  are 
lacking  in  processing  power,  particularly  by  today's 
standards.  However,  a  substantial  savings  was  realized. 

New  position  electronics  using  log  amplifiers  were 
developed  for  the  Recycler  [7].  Preamps  are  required  in  the 
tunnel  in  order  to  measure  the  position  of  unbunched 
beam  using  the  rising  and  falling  edges  of  the  beam 
signal.  Four  positions  are  measured  with  a  single 
CAMAC  card.  The  log  amp  design  is  inexpensive  but 
has  +.5  mm  errors  that  depend  on  intensity  and  position. 
VME  based  computers  and  commercial  digitizer  cards  with 
memory  collect  and  process  the  data. 

4  PROFILE  MONITORS 

4.1  Multiwires 

A  new  paddle  was  designed  for  Main  Injector 
multiwires  with  horizontal  and  vertical  grids  to  allow 
simultaneous  measurement  of  both  planes.  Each  grid 
consists  of  48  .003  inch  diameter  gold-tungsten  wires 
with  either  1  or  2  mm  spacing.  The  distribution  of  charge 
is  measured  with  a  96  channel  integrator  designed  by  the 
controls  group  for  use  in  the  Switchyard  beamlines  [8], 
The  central  wire  collects  about  24  picocoulombs  of  charge 
for  5el  1  protons. 

4.2  Flying  Wires 

The  Main  Injector  Flying  Wires  measure  the 
transverse  size  of  the  particle  beam  used  to  calculate 
emittance  [9],  [10].  At  separate  horizontal  and  vertical 
locations,  the  system  passes  a  33  micron  carbon 
monofilament  (the  'wire')  through  the  beam  at  speeds  up 
to  10  m/s.  Particles  collide  with  the  wire  as  it  moves 
through  the  beam  producing  a  cascade  of  secondary 
particles  proportional  to  beam  density.  The  secondary 
particles  are  measured  with  a  scintillator  paddle  and  photo 
multiplier  tube.  A  14-bit  resolver  measures  the  wire 
position  with  0.022  degree  angular  resolution.  The  beam 
profile  is  a  plot  of  photo  multiplier  tube  output  versus 
wire  position.  A  non-linear  fit  is  performed  and  the 
resulting  summary  data  is  made  available  to  the  accelerator 
network  (ACNET)  for  use  in  calculating  beam  emittance. 

4.3  Ionization  Profile  Monitors 

The  Main  Injector  and  Recycler  Ion  Profile  Monitors 
capture  horizontal  and  vertical  profiles  at  a  once-per-turn 
sample  rate  [11],  [12].  MicroChannel  plates  are  used  to 
amplify  the  charge  produced  when  the  beam  passes 


through  the  residual  gas  in  the  normal  accelerator  vacuum. 
The  distribution  of  charge  collected  on  a  grid  of  conductors 
matches  the  beam  profile.  Current  analysis  include 
position,  emittance  (or  sigma),  2D  color  intensity  plot  of 
raw  data,  single  turn  profiles  for  any  turn  during  the  cycle, 
and  fourier  transforms  of  bunch  centroid  (or  tune). 

An  amplifier  in  the  tunnel  is  required  to  convert  the 
140  nanoamp  signal  to  the  0  to  5  volt  50Q  input  of  the 
A/D  cards  located  in  the  equipment  gallery.  Sixty  anode 
strips  with  1.5  mm  spacing  are  used  to  measure  the 
transverse  profile  of  the  proton  beam.  Because  the  profile 
can  be  measured  every  Main  Injector  turn,  each  strip 
requires  a  dedicated  amplifier  and  digitizer. 

5  OTHER  SYSTEMS 

5.1  Sampled  Bunch  Display 

The  Sampled  Bunch  Display  (SBD)  is  used  to 
measure  bunch  intensities  and  longitudinal  lengths  of 
beam  bunches.  A  wide  band  (3  kHz-6  GHz)  longitudinal 
signal  comes  from  a  dedicated  Resistive  Wall  Current 
Monitor.  The  signal  is  digitized  by  a  LeCroy  9384L  scope 
(4  GSamples/sec,  1  GHz  analog  bandwidth,  4  MByte 
segmentable  memory  with  100  usee  re-arm  time).  A 
Macintosh  computer  running  LabView  does  the 
processing  and  ACNET  interface.  Versatile,  programmable 
acquisition  timing  is  provided  with  a  CAMAC  177 
(TCLK-decoding)  and  a  Kinetic  Systems  3660 
(programmable  clock  generator). 

5.2  Fast  Bunch  Integrator 

A  real  time  intensity  measuring  system  known  as  a 
Fast  Bunch  Integrator  (FBI)  was  developed  to  determine 
the  efficiency  of  this  process  and  monitor  when  losses 
occur  [13].  This  system  measures  the  intensity  of  both  the 
original  batch  and  the  final  individual  bunch  by  using 
wide  and  narrow  gated  integrators  [14].  A  comparison  of 
these  two  measurements  provides  the  capture  efficiency 
and  indicates  how  much  beam  remained  in  adjacent  RF 
buckets. 

The  FBI  is  a  VME  based  system  using  a  Motorola 
MVME-162LX  embedded  computer.  The  system  supports 
fast  time  plots,  snapshot  plots  and  data  logging  of  bunch 
intensity  for  all  bunches  as  well  as  sums  of  bunch 
intensities  for  use  as  transfer  qualifiers.  The  narrow  gates 
provide  the  integrated  intensity  for  individual  bunches 
while  the  wide  gates  provide  the  integrated  intensity  for  an 
adjustable  sized  batch  centered  on  each  narrow  gated 
bunch. 

5.3  Beamline  Tuner 

The  Main  Injector  Beam  Line  Tuner  (MIBLT) 
samples  the  integrated  signals  of  vertical  and  horizontal 
beam  position  pickups  using  a  Kinetics  V440  60MHz 
digitizer.  A  LabView  program  analyzes  the  turn-by-tum 
position  data  and  calculates  the  tunes,  amplitudes  and 
phase  of  the  injection  oscillation.  The  program  has  the 
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capability  to  automatically  make  corrections  for  the  next 
transfer.  The  integration  of  the  pickup  signal  can  be  done 
using  a  low  bandwidth  RF  module  (batch  resolution)  or  a 
high-bandwidth  Fast-Integrator  module  (bucket 
resolution). 

6  SPECIAL  DEVICES 

6.1  Wide  Band  Striplines 

The  Institute  for  High  Energy  Physics,  near  Moscow 
Russia,  designed  and  built  four  stripline  beam  detectors  for 
use  at  Fermilab  [15].  A  round  geometry  with  two 
stripline  plates  allows  installation  as  either  horizontal  or 
vertical  detectors.  Electrical  feedthroughs  at  both  ends  of 
the  1.4  meter  long  striplines  allow  measurement  of  both 
proton  and  antiproton  signals.  The  1  gigahertz  bandwidth 
and  9.3  nsec  doublet  separation  allow  measurement  of 
high  frequency  structure  within  the  beam  bunches.  The 
detectors  are  for  general  purpose  use,  two  in  the  Main 
Injector  and  two  in  the  Recycler. 

The  60  degree  wide  plates  intercept  and  carry  about 
1/6  of  the  beam  image  current.  The  peak  amplitude  on 
the  50Q  plates  is  10  volts  for  6el0  protons  in  a  3  nsec 
sigma  gaussian  bunch.  A  plate  length  of  1 .4  meters  (1/4 
wavelength  at  the  rf  frequency  of  53  MHz)  is  used  to 
maximize  the  doublet  separation.  In  the  time  domain, 
this  allows  observation  of  the  bunch  shape  and  changes  in 
position  along  it's  length.  In  the  frequency  domain,  zero's 
in  transmission  occur  when  the  plate  is  a  multiple  of  1/2 
wavelengths  long.  This  occurs  at  even  harmonics  of  the 
rf  frequency. 

6.2  Resistive  Wall  Monitor 

Resistive  Wall  Monitors  were  designed  and  built  for 
the  Fermilab  Main  Injector  project  [16].  These  devices 
measure  longitudinal  beam  current  from  3  KHz  to  4  GHz 
with  a  1  ohm  gap  impedance.  The  new  design  provides  a 
larger  aperture  and  a  calibration  port  to  improve  the 
accuracy  of  single  bunch  intensity  measurements. 
Microwave  absorber  material  is  used  to  reduce  interference 
from  spurious  electromagnetic  waves  traveling  inside  the 
beam  tube.  Several  types  of  ferrite  materials  were 
evaluated  for  the  absorber.  Inexpensive  ferrite  rods  were 
selected  and  assembled  in  an  array  forming  the  desired 
geometry  without  machining. 

6.3  Schottky  Detectors 

A  split  tube  detector  is  resonated  through  an  inductor 
to  provide  a  signal  to  the  schottky  receiver.  The  signal  to 
noise  ratio  goes  as  the  square  root  of  the  detector 
impedance  which  is  proportional  to  it's  Q.  A  Q  of  300  is 
achievable,  provides  sufficient  impedance,  is  reasonably 
stable  with  temperature,  and  has  sufficient  bandwidth.  A 
center  frequency  of  21.4  MHz  was  chosen  because  of 
readily  available  crystal  filters.  The  detected  signal  is 
dominated  by  coherent  oscillations,  not  schottky  noise  as 
the  name  suggests. 
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Abstract 

Beam  diagnostic  instrumentation  is  being  developed  for 
the  LEDA,  a  6.7-MeV,  100-mA-cw  proton  accelerator, 
presently  being  commissioned  at  the  Los  Alamos 
National  Laboratory  (LANL).  This  instrumentation  will 
be  the  basis  for  much  of  the  Accelerator  Production  of 
Tritium  and  the  Spallation  Neutron  Source  linac.  Located 
in  the  LEDA  injector  and  the  high  energy  beam  transport 
(HEBT)  this  initial  instrumentation  suite’s  purpose  is  to 
verify  the  RFQ  pulsed  and  cw  operation.  The 
instrumentation  include  a  series  of  DC,  pulsed-  and 
bunched-beam  current  measurements  from  which  RFQ 
beam-transmission  efficiency  will  be  determined. 
Ionization-chamber  beam  loss  measurements  are  mounted 
above  the  HEBT  and  provide  input  signals  to  a  fast 
equipment  protection  system.  Central  beam  phase  and 
energy  measurements  provide  RFQ  longitudinal 
performance  information.  Beam  position  measurements 
provide  information  to  properly  center  the  beam  within 
the  HEBT  beam  pipe.  Finally,  two  types  of  transverse 
profile  measurements  including  a  slow  wire  scanner  and  a 
video  fluorescence  monitor  provide  beam  width  and 
projection  information  in  the  LEDA  HEBT.  This  paper 
will  discuss  these  measurements  developed  for  LEDA  and 
summarize  how  they  performed  during  RFQ  verification 
experiments. 

1  INTRODUCTION 

The  LEDA  RFQ  has  been  installed  and,  as  of  March  16, 
1999,  has  accelerated  beam  [1],  Beam  instruments  located 
in  a  simple  HEBT  were  developed,  fabricated,  and  installed 
to  initially  verify  100-mA  RFQ  operation  [2].  To 
minimize  the  risk  to  the  HEBT  beamline  equipment  from 
beam  impingement  damage,  the  RFQ  has  been  initially 
operated  with  a  beam  repetition  rate,  pulse  length,  and 
peak  current  to  10  Hz,  3  ms,  and  40  mA,  respectively. 
Therefore,  the  beam  instrumentation  has  been  required  to 
operate  during  both  pulsed  and  cw  beam  operation. 

2  INSTRUMENTATION  LOCATION 

Most  of  the  diagnostics  instrumentation  is  located  in  the 
HEBT  [3],  pictured  in  Figure  1.  The  DC  and  pulsed 
beam-current  measurements  are  placed  near  the  RFQ’s 
entrance  and  exit  to  determine  the  RFQ  total  beam 
transmission.  A  third  set  of  beam  current  measurements 


is  placed  near  the  entrance  to  the  beamstop  to  determine 
the  HEBT  beam  transmission. 


Figure  1:  This  picture  shows  the  assembled  HEBT 
including  magnetic  transport  elements  (i.e.,  four 
quadrupole  and  two  steering  magnets)  and  •  beam 
instrumentation. 

Ionization  chamber  loss  measurements  are  placed  at  the 
RFQ  exit,  at  the  middle  of  the  HEBT,  and  at  the  entrance 
to  the  beamstop.  These  chambers,  located  at  the 
beamline’s  elevation  but  approximately  1  meter  from  the 
beamline,  provide  fast  beamline-equipment  protection  and 
additional  beam  transport  tuning  information. 

Three  capacitive  probes  detect  the  beam’s  central  phase 
and  energy.  Beam  energy  is  calculated  by  detecting  the 
flight  time  for  a  bunch  to  travel  between  two  probes.  The 
first  two  probes,  located  approximately  0.5  m  from  the 
RFQ  exit,  are  separated  by  approximately  0.1  m  and 
provide  approximate  beam  energy  information.  The  first 
and  third  probes  are  separated  by  approximately  1  m  and 
provide  the  more  accurate  energy  information.  The  central 
phase  is  acquired  by  measuring  the  phase  between  an 
RFQ  field  sample  probe  and  the  first  capacitive  probe. 

Five  beam  position  monitors  (BPM)  are  located 
throughout  the  HEBT.  These  micro-stripline  BPMs  are  at 
locations  sensitive  to  beam  position  variations  due  to 
changes  in  beam  angle  at  the  RFQ  exit  and  the  two  HEBT 
steering  magnets.  BPMs  #4  and  #5  are  located  after  the 
final  quadrupole  magnet  for  monitoring  the  beam’s  final 
trajectory  to  the  beamstop.  In  addition,  each  BPMs’  four- 
electrode  signals  are  summed  to  provide  bunched  beam 
current  information  [4].  Since  the  RFQ’s  6.7-MeV  beam 
is  captured  within  the  350-MHz  RF  bucket,  the  bunched 
beam  current  amplitude  provides  a  reliable  measure  of  the 
relative  accelerated-beam  current. 
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A  slow  wire  scanner  is  positioned  just  in  front  of  the 
beamstop  to  assess  the  expanded  beam’s  size  at  the  end  of 
the  beamstop  and  to  measure  the  emittance  of  the  beam 
using  a  “quadrupole  scan”  technique  [5].  In  the  near 
future,  a  background  gas-fluorescence  beam-profile 
measurement  will  be  placed  at  this  same  longitudinal 
HEBT  location  to  measure  cw  beam  profiles. 

3  MEASUREMENT  DISCUSSION 

3.1  Pulsed  Beam  Current 

The  pulsed  beam  current  measurements  use  a  single 
toroidal  transformer  core  with  two  sets  of  secondary 
windings:  one  set  for  beam  current  detection  and  another 
set  for  an  in  situ  calibration  [6].  The  current  detection¬ 
winding  signals  are  initially  processed  using  a  simple 
analog  feedback  amplifier  to  increase  the  innate 
transformer  L/R  time  constant,  therefore,  reducing  the 
droop  of  the  transformer  signal.  The  low-droop  signals 
from  two  transformers  (e.g.,  RFQ  entrance  and  exit)  are 
digitized  and  are  manipulated  in  digital  signal  processing 
(DSP)  circuitry  to  produce  a  200-kHz-bandwidth 
differential-current  measurement.  This  digital  difference 
signal  is  then  integrated  for  approximately  2  millisecond 
and  compared  to  a  fast  protection  lost-charge  value.  If  the 
lost  charge  is  greater  than  this  value,  the  fast  protection 
system  is  initiated  and  discontinues  beam  operation. 

3.2  Central  Beam  Phase  and  Energy 

Since  these  electronics  processors  are  still  being 
fabricated,  the  phase  and  energy  measurements  were 
initially  performed  with  only  the  installed  capacitive 
probes,  phased  stabilized  RF  cables,  a  down  converter,  and 
an  oscilloscope.  The  down  converter  transfers  the  350- 
MHz  phase  information  from  the  capacitive  probes  to  2 
MHz  where  phase  may  be  more  accurately  converted  to 
time.  Because  the  distance  between  probes  is  known,  the 
energy  can  then  be  accurately  calculated. 

3.3  Beam  Loss  (Ionization  Chambers) 

Beam  loss  measurements  use  ionization  chambers  to 
detect  the  interaction  between  lost  protons  and  beamline 
components  [7].  Electron  signal  currents  created  and 
collected  from  the  result  of  gamma-radiation  ionizing  the 
N2  chamber  gas.  These  electron  signal  currents  are  then 
amplified  and  integrated  and  are  compared  to  a  fast 
protection  lost-charge  value.  If  the  integrator  signals  are 
greater  than  this  value,  the  fast  protection  system  is 
initiated  and  discontinues  beam  operation.  These  three 
chamber  integrated  signals  are  also  monitored  to  provide 
beam  tuning  information. 

3.4  Beam  Position  and  Bunched  Beam  Current 

Since  the  BPM  electronics  processors  are  also  still  being 
fabricated,  we  used  only  the  analog  front  end  (AFE) 
circuitry  from  the  DSP-based  BPM  electronic  processors. 


The  AFE  circuitry  filters,  amplifies,  and  detects  BPM 
electrode  signals  in  such  a  way  as  to  provide  a  logarithmic 
amplitude  of  the  350-MHz  electrode  signals.  For  these 
initial  RFQ  beam  measurements,  the  individual  signal 
amplitudes  were  quantified  using  an  oscilloscope  and 
subtracted  to  provide  an  approximate  measure  of  beam 
position  using  the  log  ratio  technique.  The  AFE  circuitry 
also  acquires  bunched  beam  current  by  summing  the  four- 
electrode  processed  signals. 

3.5  Beam  Profiles 

The  slow  wire  scanner  consists  of  an  actuator  that  is 
mounted  with  a  45-degree  angle  with  respect  to  the 
vertical  and  horizontal  axes.  SiC  0.1-mm-diameter  fibers 
are  mounted  on  the  actuator  “fork".  Two  fibers  are  used  as 
bias  to  optimize  the  secondary  electron  coefficient  of  the 
fiber  and  the  remaining  fiber  senses  the  beam.  The  wires 
traverse  from  one  tine  of  the  fork  to  the  other  vertically, 
then  turn  90  degrees  and  traverse  back.  With  such  a 
system,  horizontal  and  vertical  beam  profiles  may  be 
acquired  in  a  single  sweep.  The  beam  charge-density 
information  is  acquired  by  measuring  the  beam-induced 
secondary  electrons  emitted  from  the  fiber.  Beam  charge 
density  data  and  fiber  position  are  both  acquired  and 
controlled  with  Lab  VIEW™  software  [8]. 

4  INITIAL  RESULTS 

The  pulsed  current  measurements  at  the  RFQ  exit  and 
entrance  to  the  HEBT  beamstop  show  good  agreement 
with  theory  and  are  consistent  with  each  other  and  their  in 
situ  calibration  hardware.  Their  200-kHz  bandwidth 
precision  and  accuracy  are  measured  to  be  <0.1  mA  and 
<0.25  mA,  respectively.  However,  under  certain  beam 
conditions,  the  RFQ-entrance  current  measurement  appears 
to  have  an  error  during  beam  operation  that  is  not  present 
during  the  in  situ  calibration  procedure.  This  error 
results  in  a  higher  than  expected  beam  transmission 
through  the  RFQ.  This  error  is  presently  being 
investigated  and  will  be  corrected.  Figure  2  displays  a 
partial  Lab  VIEW™  screen  that  reports  the  pulsed  beam 
current  data  with  data.' 

Preliminary  loss  measurement  observations  performed 
during  wire-scanner  profile  measurements  indicate  that  the 
ionization  chambers  beam  loss  precision  is  approximately 
0.2  mA. 

Beam  energy  was  measured  with  both  a  short  and  long 
drift  distances  between  capacitive  probes.  For  the  long- 
drift-distance  energy  measurements,  the  initial 
measurement  precision  and  accuracy  are  <1  keV  and  <10 
keV,  respectively.  Figure  3  displays  both  energy 
measurements  and  the  results  from  simulating  the 
transport  and  the  acceleration  of  the  beam  through  the 
RFQ.  The  two  measurements  appear  to  be  consistent  and 
agree  well  with  the  RFQ  simulations. 

The  wire  scanner  measurements  also  performed  as 
expected.  With  amplifier  gains  set  so  that  the  peak  of  the 
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charge  distribution  is  below  their  saturation  limits,  the 
ratio  of  fiber  signals  acquired  at  the  distribution  peak  and 
tails  was  measured  to  be  >  500: 1 .  The  combination  of 
this  large  signal-to-noise  ratio  and  the  small  0.1 -mm 
diameter  fiber  widths  will  allow  this  profile  measurement 
to  acquire  valid  profile  data  beyond  3  rms  widths. 

The  final  two  beam  position  measurements  have  been 
shown  to  be  consistent  with  each  other,  steering  magnet 
currents,  and  the  nearby  wire  scanner  profile  measurement. 


Figure  2:  This  picture  shows  the  pulsed  beam  current  at 
the  entrance  and  exit  of  the  RFQ  and  at  the  entrance  of  the 
HEBT  beamstop.  The  abscissa  and  ordinate  units  are  (is 
and  mA,  respectively.  The  values  in  the  three  smaller 
boxes  under  each  waveform  are  beam  currents  typically 
averaged  during  the  final  300  ps  of  the  macropulse. 

5  CONCLUSIONS 

During  the  past  9  days  of  initial  LEDA  RFQ  operation, 
most  of  the  beam  diagnostic  measurements  have  been 
preliminarily  tested  with  beam.  With  a  few  exceptions, 
most  appear  to  be  operating  as  expected.  With  additional 
beam  commissioning  time,  the  beam  instrumentation  will 
be  fully  commissioned  and  ready  for  further  RFQ  studies. 
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Figure  3:  This  graph  illustrates  the  RFQ  measured  output- 
beam  energy  as  a  function  of  the  percent  of  the  RFQ 
designed  field.  Within  measurement  error,  the  two  energy 
measurements  are  consistent  and  compare  favorably  with 
the  simulation. 
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Figure  4:  The  above  graph  shows  typical  data  acquired 
from  the  wire  scanners  located  approximately  2.8  m  from 
the  LEDA  RFQ  exit.  The  horizontal  beam  location  and 
rms  width  and  the  vertical  beam  location  and  rms  width 
are  -0.9,  6.2,  5.9,  and  6.8  mm,  respectively. 
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Abstract 

The  beam  energy  at  the  Cornell  Electron  Storage  Ring  must 
be  maintained  within  1  MeV  of  the  T  (45)  resonance  peak. 
The  beam  energy  is  determined  on  a  run-by-run  basis  by 
calculation  based  upon  machine  parameters.  As  a  test  of 
the  energy  calculation  we  have  explored  a  technique  for 
determining  the  relative  CESR  beam  energy  using  syn¬ 
chrotron  radiation.  We  describe  the  technique  and  present 
a  status  report  on  our  experimental  investigations. 

1  INTRODUCTION 

The  Cornell  Electron  Storage  Ring  (CESR)  operates  on  and 
just  below  the  T  (45)  resonance  (-^/s  =  10.58  GeV)  pro¬ 
viding  e+e“  collisions  for  the  CLEO  experimental  detec¬ 
tor.  The  resonance  peak  is  traditionally  found  by  perform¬ 
ing  lengthy  beam  energy  scans.  Following  such  a  scan  the 
CESR  beam  energy  is  determined  on  a  run-by-run  basis 
by  calculation  based  upon  the  machine  parameters  (RF  fre¬ 
quency,  measured  dipole  field,  corrector  strengths,  electro¬ 
static  separator  voltages,  etc.)  while  taking  into  account 
the  magnetic  history.  For  maintenance  of  the  beam  energy 
over  the  course  of  many  months  we  rely  on  the  energy  pro¬ 
gram  to  properly  predict  the  relative  energy  changes.  In  or¬ 
der  to  maximize  the  physics  event  rate  and  to  simplify  data 
analysis,  it  is  necessary  to  maintain  the  CESR  beam  energy 
within  1  MeV  of  the  resonance  peak  (the  X  (45)  resonance 
width  is  10  MeV). 

We  seek  a  method  for  verifying  the  beam  energy  cal¬ 
culation  under  actual  operating  machine  conditions  which 
include  pretzel  orbits,  detector  solenoid  and  compensation, 
and  a  rippled  vertical  orbit.  If  such  a  method  were  real¬ 
izable  and  capable  of  functioning  at  full  CESR  beam  cur¬ 
rents,  we  would  envisage  incorporation  of  the  measurement 
technique  into  routine  operations,  although  our  primary 
motivation  at  present  is  to  provide  verification  for  the  en¬ 
ergy  calculation.  Thus  we  seek  a  non-invasive,  rapid  mea¬ 
surement  technique  with  relative  precision  of  ~2x  10-4. 

The  traditional  method  of  beam  energy  measurement  at 
electron  storage  rings  is  that  of  resonant  depolarization  [1], 
which  provides  quite  accurate  energy  calibration  with  rela¬ 
tive  precision  of  ~10-5.  Resonant  depolarization  was  used 
at  CESR  to  determine  the  Y(15)  mass  [2],  Another  class 
of  measurement  techniques  which  have  been  proposed  uti¬ 
lize  synchrotron  radiation  (SR)  in  one  way  or  another.  A 
solid-state  detector  was  used  at  BESSY  to  measure  the  SR 
spectrum  directly  for  determination  of  the  critical  energy 
[3],  Several  proposals  based  on  synchrotron  radiation  have 
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Figure  1 :  Integrated  synchrotron  radiation  spectrum,  /,  and 
the  sensitivity,  1  / /  df  / dE  as  functions  of  the  cutoff  energy 
£o-  The  sensitivity  assumes  E  =  5.290  GeV. 

been  described  for  measurement  of  the  TJNAF  electron 
beam  energy  [4],  We  describe  a  technique  for  measuring 
relative  beam  energy  changes  based  on  synchrotron  radia¬ 
tion  and  present  our  preliminary  findings. 

2  METHOD 

The  method  that  we  present  exploits  the  very  steep  energy 
dependence  of  the  SR  spectrum  at  x-ray  energies,  u,  sev¬ 
eral  times  the  critical  energy,  uc.  Define  the  fraction  of  SR 
photons  above  a  given  energy  uo  =  t;ouc  as 

r°°  dN 

/($>)=/  ^7 (1) 

where  dN/d£  is  the  normalized  SR  energy  spectrum  and 
£  =  u/uc.  Because  of  the  steep  energy  dependence  of  the 
SR  spectrum,  the  integrated  SR  flux  /(£0)  is  quite  sensitive 
to  the  cutoff  energy,  uo,  for  «o  uc  as  shown  in  Figure  1. 

The  fractional  change  in  SR  flux  above  the  cutoff  energy 
for  a  given  change  in  energy  A£o  is 

1  df  1  dN 

Jd£ o  A^°  ~~  ~7  df  A^°’ 

or  in  terms  of  the  beam  energy  E, 

f  dE  f  d£0  dE  E  f  d£  (^o)  1  ; 

If  the  integrated  SR  flux  above  a  given  energy  uo  could  be 
measured,  then  for  a  beam  energy  change  A E,  the  frac¬ 
tional  change  in  integrated  flux  is  1//  df/dE  A E.  This 
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quantity  is  displayed  in  Figure  1 ,  and  shows  the  sensitivity 
of  such  a  beam  energy  measurement  technique  as  a  func¬ 
tion  of  cutoff  energy  £o-  For  example,  at  uq  =  10uc,  a 
1  MeV  change  in  beam  energy  changes  the  integrated  flux 
by  0.57%.  Clearly,  if  one  could  monitor  the  SR  flux  above 
~10uc  with  accuracy  0.1%,  then  one  could  measure  rela¬ 
tive  beam  energy  changes  rather  accurately. 

As  a  way  of  “integrating”  the  SR  flux  above  a  given  en¬ 
ergy,  we  use  the  if-e dge  of  a  high-Z  material  selected  so 
that  the  edge  energy  Ek  >  uc.  x-rays  with  energy  above 
the  if -edge  are  (primarily)  photoabsorbed,  and  a  fraction 
of  those  x-rays  produce  characteristic  if -shell  x-ray  fluo¬ 
rescence  emission.  The  flux  of  characteristic  x-ray  emis¬ 
sion  measured  with  an  x-ray  detector  is  proportional  to  the 
SR  flux  above  the  K  edge,  which  depends  on  the  beam  en¬ 
ergy.  To  be  precise,  the  rate  of  if -shell  emission  is  given 
by  the  integral  of  the  SR  spectrum  folded  with  the  energy 
dependent  photoabsorption  cross-section  which  at  falls  like 
this  varies  more  slowly  than  the  SR  spectrum  which 
at  high  energies  falls  like  e~Z/y/£.  As  a  result,  the  observed 
sensitivity  will  be  somewhat  different  from  that  shown  in 
Figure  1 . 

Since  the  if -shell  emission  counting  rate  is  beam  current 
dependent  and  also  depends  on  details  of  the  SR  source,  tar¬ 
get  and  detector  geometry,  a  normalization  is  required.  In 
addition  to  if -shell  emission,  the  target  also  emits  L-shell 
characteristic  x-rays  from  photoabsorption  of  SR  photons 
having  energies  between  the  L  and  K  edges.  The  L-shell 
emission  makes  an  ideal  normalization  since  it  is  measured 
simultaneously  with  the  if -shell  emission  in  the  same  de¬ 
tector.  Problems  associated  with  combining  measurements 
from  two  detectors  having  different  stability  and  gains  are 
avoided.  The  L-shell  emission  will  also  depend  on  beam 
energy,  but  since  typically  El  ~  1/6 Ek,  the  dependence 
is  much  smaller  than  the  if  emission  dependence,  as  shown 
in  Figure  1 . 

3  EXPERIMENTAL  SETUP 

The  measurements  reported  in  this  paper  were  performed 
at  the  Cornell  High  Energy  Synchrotron  Source  (CHESS) 
facility  at  one  of  the  dipole  bending  magnet  stations.  The 
experimental  layout  is  shown  in  Figure  2.  A  white  SR 
beam  of  critical  energy  10.4  keV  from  a  bending  magnet 
(p  =  31.7  m)  was  collimated  horizontally  with  a  Pb  mask 
and  filtered  with  a  0.25  in  A1  plate.  The  A1  filter  hardens 
the  SR  spectrum  in  order  to  reduce  the  flux  of  L  x-rays 
to  tolerable  levels.  All  adjustable  vertical  slits  were  re¬ 
tracted  to  avoid  intercepting  the  beam  which  would  modify 
the  spectral  distribution  at  low  energies.  The  SR  beam  is 
then  brought  into  the  experimental  station  where  the  inten¬ 
sity  is  monitored  with  an  ion  chamber.  The  beam  strikes  a 
125  pm  gold  foil  placed  45°  to  the  incident  beam.  The  SR 
source  to  target  distance  is  13.5  m.  The  gold  K  edge  is  80.7 
keV  (7.8 uc)  and  the  L  edges  are  ~13  keV  (1.3itc).  The  foil 
has  attenuation  factors  pt  of  2.9  at  the  K  edge  and  61  at 
the  L  edge.  At  90°  to  the  beam  direction  a  Ge  solid-state 


Figure  2:  Experimental  Layout 


detector  views  the  gold  foil.  Standard  x-ray  spectroscopy 
instrumentation  is  used  to  amplify  and.  shape  the  pulse  and 
the  signal  is  then  digitized  in  a  multi-channel  analyzer. 

Figure  3  shows  a  typical  x-ray  spectrum  obtained  with 
this  setup.  The  lines  near  ~70  keV  are  the  characteristic  if- 
shell  emission  and  the  lines  near  ~10  keV  are  the  L-shell 
lines.  The  energy  resolution  of  the  system  is  0.3  keV  at  69 
keV  (Au  if  ai).  Generally,  the  beam  current  was  limited  to 
less  than  0.5  mA  so  that  the  detector  counting  rate  remained 
below  ~5  kHz  in  order  to  minimize  pulse  pileup.  As  is 
evident,  the  spectrum  is  remarkably  clean;  if  and  L  lines 
are  easily  identified  and  virtually  free  of  background  from 
other  scattering  sources. 

We  define  a  if  to  L  counting  rate  ratio  as  follows: 


Rjk/l  — 


NKa  -  Bkc  +  Nk/3  -  BKp 
Nl-Bl 


(4) 


where  Nxa  is  the  sum  of  counts  in  both  if  a  peaks,  Nkp 
is  the  sum  of  counts  in  both  if/?  peaks,  Nl  is  the  sum  of 
counts  in  all  L  peaks,  and  the  J3’s  are  background  count 
rates  contained  in  separate  background  subtraction  win¬ 
dows. 


4  RESULTS  AND  DISCUSSION 

To  model  the  sensitivity  of  this  method,  an  x-ray  scatter¬ 
ing  Monte-Carlo  simulation  which  includes  Compton  scat¬ 
tering,  Rayleigh  scattering,  photoabsorption  and  if  and 
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L  shell  emission  was  employed.  This  simulation  pre¬ 
dicts  that  Rk/l  increases  with  beam  energy  at  the  rate 
of  0.21%/MeV  (for  E  ~5290  MeV)  for  the  basic  exper¬ 
imental  conditions  described  above.  We  therefore  require 
a  combined  statistical  and  systematic  precision  in  Rk/l  of 
better  than  0.2%.  Since  we  need  a  technique  which  will 
reliably  measure  relative  energy  changes  regardless  of  how 
they  arise,  we  need  to  verify  that  this  method  is  insensitive 
to  changes  in  SR  source  position,  angle  and  size.  An  ob¬ 
vious  concern  is  the  source  magnet  field  uniformity.  The 
CESR  dipoles  have  uniformity  ~10-4  over  ±2  cm  about 
the  center,  resulting  in  a  beam  energy  error  of  only  ~0.25 
MeV  over  the  full  range.  A  more  significant  effect  is  clip¬ 
ping  of  the  SR  beam  on  apertures  in  the  x-ray  beamline 
which  has  the  potential  to  modify  the  spectral  distribution. 
Other  concerns  arising  from  changes  in  SR  source  angle 
include  the  thickness  uniformity  of  the  gold  target  and  A1 
filter.  In  our  efforts  to  date,  we  have  tested  the  viability  of 
this  technique  by  exploring  several  of  these  factors. 

Figure  4  shows  measured  ratios  Rk/l  (taken  during 
a  single  machine  studies  period)  plotted  versus  run  time, 
where  individual  runs  correspond  to  various  changes  in 
machine  conditions.  The  data  were  obtained  by  collect¬ 
ing  spectra  for  8  minutes  per  point.  The  error  bars  are 
due  to  counting  statistics.  The  first  three  data  points  were 
taken  under  identical  conditions,  and  constitute  the  “ref¬ 
erence”  conditions.  The  remaining  points  show  the  effect 
of  changes  relative  to  these  reference  conditions.  The  next 
two  data  points  show  the  effect  of  a  vertical  angle  bump  at 
the  source  (±40//rad)  corresponding  to  ±0.4  mm  motion 
on  the  target.  We  conclude  that  we  were  not  “clipping” 
on  vertical  apertures  in  the  x-ray  beamline.  For  the  next 
point  the  electrostatic  horizontal  separators  were  turned  off, 
changing  the  horizontal  angle  at  the  SR  source  by  ~2  mrad. 
The  next  two  points  correspond  to  the  reference  conditions 
but  with  smaller  and  larger  beam  currents.  In  the  follow¬ 
ing  run,  the  vertical  beamsize  was  increased  by  more  than  a 
factor  of  two.  Despite  rather  significant  changes  in  source 
angle,  size  and  beam  current,  the  ratio  Rkl  remains  con¬ 
stant  within  statistical  errors,  except  perhaps  for  the  latter 
data  point. 

Finally  the  CESR  dipole  field  was  increased  by  1  G 
(from  nominal  B  =  2010  G),  and  the  measured  ratio  in¬ 
creases  by  0.97  ±  0.19  %.  By  changing  the  dipole  field, 
the  beam  energy  is  increased  by  the  factor  AB/B  (giv¬ 
ing  A E  =  2.6  MeV),  but  the  field  at  the  source  magnet 
is  also  increased  so  that  the  SR  critical  energy  is  increased 
by  A uc  =  3uc  AB/B  (whereas  for  a  beam  energy  change 
alone,  A uc  =  2ucAE/E).  The  measured  value  is  in  good 
agreement  with  the  simulation  prediction  of  0.83%. 

The  results  of  another  dipole  field  dependence  measure¬ 
ment  are  shown  in  Figure  5,  along  with  the  slope  predicted 
by  the  simulation.  Again,  the  data  show  good  agreement 
with  expectations. 

In  other  machine  studies  sessions,  the  data  were  not  al¬ 
ways  as  reproducible  as  shown  in  Figure  4.  It  is  thought 
that  this  may  be  due  to  clipping  of  the  x-ray  beam  on  ver- 


Time 


Figure  4:  Measured  Rk/l  for  various  machine  conditions. 
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Figure  5:  Measured  Rk/l  (normalized  to  the  middle  point) 
versus  CESR  dipole  field.  The  slope  predicted  by  the  sim¬ 
ulation  is  overlayed. 


tical  apertures  which  would  affect  the  spectrum,  although 
this  effect  is  still  under  investigation. 

5  SUMMARY 

The  SR-based  method  that  we  describe  for  measuring  rel¬ 
ative  beam  energy  changes  shows  promise.  We  are  able  to 
measure  energy  changes  consistent  with  expectations.  Our 
efforts  in  the  near  future  will  center  on  understanding  the 
various  factors  that  limit  the  reproducibility  of  the  measure¬ 
ments  and  on  increasing  the  count  rate  capability. 
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Abstract 

In  this  paper,  we  will  present  some  recent  developed 
methods  of  beam  observations  and  their  experimental 
results.  These  methods  including:  beam  energy 
measurement  by  laser  Compton  scattering,  investigating 
electron  beam  orbit  sensitivities  on  the  flux  of  the  photon 
beam  line,  beam  lifetime  investigation  in  storage  rings. 

1  INTRODUCTION 

We  have  been  trying  to  utilize  the  known  principles  of 
Beam  physics  and  the  existing  Photonics  knowledge  and 
devices  to  investigate  or  to  perform  new  methods  of  beam 
observations.  In  this  paper,  we  will  present  some  recent 
developed  methods  of  beam  observation  and  their 
experimental  results.  These  methods  including:  beam 
energy  measurement  by  laser  Compton  scattering, 
investigating  electron  beam  orbit  sensitivities  on  the  flux 
of  the  photon  beam  line,  beam  lifetime  investigation  in 
storage  rings.  Only  brief  description  and  results  are 
presented  in  this  review.  References  are  provided  for 
more  detail  information  for  each  individual  study.  All  of 
the  experiments  are  performed  on  the  electron  beam  in  the 
storage  ring  of  Taiwan  Light  Source(TLS)  of 
Synchrotron  Radiation  Research  Center(SRRC),  Taiwan. 

2  BEAM  ENERGY  MEASUREMENT  BY  LASER 
COMPTON  SCATTERING!  1  ] ,  [2] 

The  method  of  Compton  scattering  to  measure  the 
electron  beam  energy  in  the  storage  ring  or  to  produce 
quasi-monochromatic  y-rays  is  characterized  by  excellent 
signal-to-noise  ratio.  To  acquire  a  high  y-ray  flux,  a 
pulsed  C02  laser  with  up  to  2.67MW  peak  power  is 
employed.  Owing  to  the  fact  that  the  background 
radiation  from  Bremsstrahlung  is  extremely  high  (  about 
1200  counts/sec  at  20mA  electron  beam  current ),  how  to 
effectively  subtract  the  background  radiation  is  a  relevant 
concern.  In  this  study,  we  developed  the  method  of 
synchronous  measurement  to  resolve  the  above  problem. 
The  synchronous  measurement  used  a  gate  to  periodically 
allow  the  signals  to  pass  from  the  detector  to  the  counting 
system.  Since  the  scattered  photons  were  produced  after 
the  laser  pulse  reached  the  interaction  region,  the  laser 
could  provide  a  trigger  signal  for  the  gate  to  open.  The 
method  proposed  herein  increases  the  signal  to  noise  ratio 


from  1.2  to  42.5.  Figure  1  presents  the  entire  system’s 
schematic  diagram.  According  to  this  figure,  the  laser 
photons  pass  through  the  optical  system  into  the  storage 
ring’s  straight  section.  After  being  scattered  by 
relativistic  electrons,  the  y-rays  passes  through  the  lead 
collimator  and  is  then  detected  by  the  HPGe  detector. 
The  signal  processing  instruments,  then,  acquire  the  back- 
scattered  y-rays’  spectrum. 

Considering  that  the  highest  energy  of  the  back- 
scattered  photons  was  around  3000keV,  we  chose  24Na  the 
standard  source  in  energy  calibration  of  the  HPGe 
detector  since  the  two  characteristic  energies  of  MNa  were 
1368.4keV  and  2753. 6keV.  Those  energies  contributed  to 
a  sum-peak  energy  of  4122keV  that  could  be  applied  to 
the  interpolation  method  in  energy  calibration. 

Figure  2  presents  the  spectrum  of  the  Compton 
scattering  with  a  collimator  having  an  inner  diameter  of 
3mm  that  corresponded  to  a  half  opening  angle  of 
0.2241mrad.  The  background  radiation’s  counting  rate 
without  the  laser  Compton  scattering  effect  was  around 
0.82  counts/sec  with  gating.  After  the  laser  collided  with 
the  electron  beams,  the  counting  rate  raised  to  34.83 
counts/sec.  The  S/N  ratio  was  approximately  42.5. 

The  highest  back-scattered  y-ray  energy  could  be 
estimated  from  the  sharp  edge  of  the  spectrum  as  shown 
in  Fig.  2.  For  our  latest  experiment,  it  was 
3054keV+2.6keV.  According  to  the  results,  we  can  infer 
that  the  electron  beam  energy  was  1.3058±0.0017GeV. 
The  relative  energy  measurement  uncertainty  of  this 
experiment  is  0.13%. 


FIG.  1  Schematic  diagram  of  the  overall  system:  part  of 
the  vacuum  chamber  of  the  storage  ring,  optical  system, 
detecting  system,  and  signal  processing  system. 
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FIG.  2  Y-ray  spectrum  of  Compton  scattering  with 
collimator  of  3mm  diameter  under  synchronous 
measurement,  (electron  beam  current=/9mA,  counting 
time=4hrs. ,  and  S/N  ratio  =42.5.) 


3  INVESTIGATING  ELECTRON  BEAM  ORBIT 
SENSITIVITIES  ON  THE  FLUX  OF  THE  PHOTON 
BEAM  LINE[3] 

This  study  examines  the  beamline  flux  sensitivity  due 
to  an  electron  beam’s  positional  and  angular  changes  at 
the  source  point  of  the  beamline.  Beam  experimental  and 
numerical  studies  have  been  undertaken.  It  was  performed 
by  varying  the  size  of  either  the  electron  beam’s  orbit 
local  position  bump  or  that  of  the  local  angular  bump. 
Changes  in  the  beamline  flux  are  measured  at  the  entrance 
slit  downstream.  Those  two  types  of  local  bumps  are 
created  by  four  correction  magnets.  The  strength  of  four 
correction  magnets  must  adhere  to  a  certain  ratio  to 
control  the  amplitude  and  slope  of  the  electron  beam’s 
orbit  at  a  given  position  in  a  ring.  The  experiments  in  this 
study  are  conducted  on  the  6m-HSGM  (6  meter  High 
energy  Spherical  Grating  Monochromator) [4]  beamline  at 
TLS. 

Results  obtained  from  the  beamline  studied  herein 
indicate  that  10  pm  vertical  beam  position  displacement 
causes  a  relative  photon  flux  change  of  0.9±0.3%,  as 
measured  at  the  entrance  slit  downstream.  This 
observation  corresponds  to  the  numerical  results.  In 
addition,  a  vertical  beam  angular  change  of  10  prad 
causes  a  relative  photon  flux  change  of  1.2±0.4%.  The 
above  two  values  depend  on  the  electron  beam  size,  slit 
size  as  well  as  the  beamline’s  optics.  Figure  3  presents 
the  measurement  results  for  which  only  the  position  bump 
was  varied.  Horizontal  axis  denotes  the  beam  position  at 
the  source  point.  The  left  vertical  axis  represents  the 
relative  photon  flux  fluctuation  (AIq/Iq)  per  unit  beam 
position  displacement  at  the  source  point.  While  varying 
the  beam  positions,  the  beam  angle  should  remain 
unchanged.  Due  to  the  position  bump’s  imperfection,  the 
beam  angle  at  the  source  point  slightly  changes.  This 


figure  also  plots  the  beam  angle’s  value  at  each  step  on 
the  right  vertical  axis,  i.e.  the  X-X’  correlation. 
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Fig.  3  The  measurement  results  for  which  only  the 
position  bump  was  varied. 


4  BEAM  LIFETIME  INVESTIGATION  IN 
STORAGE  RINGS[5] 

As  is  generally  known,  the  two  unequal  bunches 
method[6]  can  separate  the  beam  lifetime  contributions 
from  these  two  effects.  The  beam  current  vs.  time  for  each 
individual  bunch  was  measured  by  the  voltage  signal  of  a 
broad  band  pickup.  The  lifetime  of  each  individual  bunch 
was  then  calculated.  The  calibration  of  the  broad  band 
pickup  signal  was  done  by  a  DC  current  transformer 
(DCCT)  when  a  single  bunch  beam  was  stored.  Figure  4 
summarizes  these  results.  The  horizontal  axis  is  the 
difference  between  the  two  bunch  currents  in  mA.  The 
vertical  axis  is  the  difference  of  the  inverse  of  the  bunch 
total  lifetime.  From  the  slope  of  the  fitted  line,  the 
proportionality  constant  A  can  be  obtained  and  the 
Touschek  lifetime  for  a  given  bunch  current  can  be 
calculated.  Under  the  experimental  conditions  of  the 
nominal  transverse  beam  sizes  (<jx  =  180+9  pm,  cy  = 
70+5  pm),  a  total  RF  voltage  of  700  kV  and  a  bunch 
length  of  100  ps,  the  results  derived  from  Fig.  4  are: 

Touschek  lifetime(min)=(366±52)/(single  bunch  current  in  mA) 

In  the  following  calculations,  the  above  results  are  used  to 
estimate  the  multibunch  beam  lifetimes.  For  a  total  beam 
current  of  195  mA  (filling  140  bunches),  the  single  bunch 
current  is  1.39  mA.  The  Touschek  lifetime  is  263+38 
min.  The  measured  total  beam  lifetime  at  195  mA  with  a 
multibunch  mode  by  DCCT  is  238+1  min.  Subtracting 
1/(263  min)  from  1/(238  min)  yields  the  gas  scattering 
lifetime  as  2500+1361  min.  The  reason  of  the  large 
uncertainty  was  discussed  in  Ref[5], 
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Fig.  4  The  Touschek  lifetime  measurement  by  the  two 
unequal  bunch  beam  method.  The  horizontal  axis  is  the 
difference  between  the  two  bunch  currents  in  units  of  mA. 
The  vertical  axis  is  the  difference  of  the  inverse  of  the 
bunch  total  lifetime. 

In  the  multibunch  method,  using  the  same  total  RF 
voltage,  we  first  measured  the  total  beam  lifetime  at  the 
multibunch  mode  with  the  nominal  transverse  beam  sizes 

(cx  =  180+9  pm,  Gy  =  70±5  pm).  The  beam  current  was 
195  mA  (filling  140  bunches)  with  a  total  beam  lifetime 
xa  of  238+1  min.  Next,  the  beam  was  driven  into  the 
difference  resonance  and  the  transverse  beam  area  (0X  = 
357+14  pm,  Gy  =  353+16  pm)  was  increased  by  a  factor 
of  10.  The  beam  current  was  194.3  mA  with  a  total  beam 
lifetime  Xioa  of  960+1  min.  If  the  difference  between  the 
beam  current  of  195  mA  and  194.3  mA  can  be 
disregarded,  the  following  two  equations  can  be  solved 
easily,  yielding  a  Touschek  lifetime  xT  of  285+14  min  and 
a  gas  scattering  lifetime  xgas  of  1443±280  min  which 
includes  the  ion  effects,  if  they  exist. 

l/xa  =  1/238  =  l/xT  +  1/  xgas  (I) 

l/x10a=  1/960  =l/(10xT)+l/xgas 
(2) 

The  results  obtained  above  are  valid  for  estimating  the 
beam  lifetimes  for  the  multibunch  operation  mode 
because  all  the  measurements  are  taken  in  the  multibunch 
mode. 

According  to  the  measurement  results,  the  Touschek 
lifetime  is  longer  when  measured  by  the  multibunch 
method  (285±14  min)  than  when  measured  by  the  two 
unequal  bunches  method  (263±38  min).  The  reason  for 
this  discrepancy  is  that  in  the  two  unequal  bunches 
method,  the  Touschek  lifetime  was  measured  at  the  few 
bunches  mode  and  in  that  mode,  the  bunch  lengthening 


effects,  possibly  caused  by  the  couple  bunch  effects  may 
not  be  as  prevalent  as  those  in  the  multibunch  mode.  For 
the  estimation  of  the  gas  scattering  lifetime  of  the 
operation  mode  i.e.,  the  multibunch  mode,  in  which  the 
total  lifetime  was  measured,  we  used  the  Touschek 
lifetime  measured  at  the  few  bunches  mode.  This  misuse 
caused  the  Touschek  effect  in  the  multibunch  mode  to  be 
overestimated  and  consequently,  underestimated  the  gas 
scattering  effects  in  the  multibunch  mode.  The  Touschek 
lifetime  is  longer  by  8%  {i.e.,  (285-263)/[(285+263)/2]  } 
when  measured  by  the  multibunch  method  than  when 
measured  by  the  two  unequal  bunches  method.  The 
theoretical  value  of  the  Touschek  lifetime  at  the 
corresponding  parameters  is  302  min.  There  is  a  54% 
{i.e.,  (2500- 1443)/[(2500+ 1 443)/2]  }  discrepancy  of  the 
gas  scattering  lifetime  measured  by  the  two  methods. 
Besides  the  consequence  of  the  overestimation  of  the 
Touschek  effect  as  previously  mentioned,  a  significant 
reason  for  this  discrepancy  is  a  possibility  of  the 
discounting  of  the  effects  of  any  trapped  ions  in  the 
multibunch  operation  mode,  when  the  lifetimes  were 
estimated  by  the  results  of  the  two  unequal  bunches 
method. 
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Abstract 

In  the  LHC  era,  there  will  be  a  need  to  monitor  and  correct 
betatron  mismatch  between  machines  in  a  non-destructive 
way.  For  this  purpose,  a  quadrupole  pick-up  has  been  de¬ 
signed  for  the  CERN  PS.  Originally,  the  PS  was  built  for 
much  larger  beam  sizes  than  now  required  when  generat¬ 
ing  the  LHC  beam,  but  its  large  physical  aperture  should  be 
maintained.  Because  of  this  large  aperture  to  beam-size  ra¬ 
tio,  the  quadrupole  signal  component  in  a  standard  pick-up 
design  is  strongly  suppressed  with  respect  to  the  common¬ 
mode  signal,  and  thus  demands  a  very  high  common-mode 
rejection  in  the  signal  processing.  A  magnetic  quadrupole 
pick-up  has  been  designed,  in  which  the  common-mode  re¬ 
jection  is  incorporated  in  the  pick-up  itself,  by  virtue  of  its 
geometry.  The  rejection  is  thus  limited  only  by  mechani¬ 
cal  tolerances  and  can  therefore  be  very  large.  Without  the 
common-mode  component,  the  dominating  signal  is  dipo¬ 
lar,  and  small  when  the  beam  is  centred  in  the  pick-up.  The 
dipole  and  quadrupole  signals  can  thus  be  separated  using 
a  hybrid  circuit  with  only  moderate  demands  on  common¬ 
mode  rejection.  Another  advantage  with  a  magnetic  pick¬ 
up  is  the  low  output  impedance,  allowing  the  use  of  passive 
components  when  forming  the  quadrupole  signal,  which 
is  highly  desirable  in  the  radiation  environment  of  the  PS 
ring.  Simulations  and  tests  of  the  pick-up  and  read-out 
electronics,  as  well  as  the  first  results  with  real  beam  are 
presented. 

1  INTRODUCTION 

1 . 1  Why  a  Quadrupole  Pick- Up? 

In  the  production  of  the  LHC  beam,  the  rms  emittance 
blow-up  at  each  inter-machine  interface  has  to  be  kept 
lower  than  10%.  This  is  less  than  the  absolute  accuracy  of 
any  present  diagnostic  tool  for  emittance  measurement  [1]. 
Thus,  a  comparison  of  emittance  measurements  made  in 
two  consecutive  machines  along  the  injection  chain  is  not 
enough.  If  the  injection  mismatch  causing  the  blow-up  can 
be  measured  directly,  a  higher  sensitivity  can  be  achieved 
since  many  error  sources  are  eliminated. 

A  quadrupole  pick-up  measures  the  aspect  ratio 
Q  =  a2  -  a2  of  the  beam.  At  least  two  individual  pick¬ 
ups  are  needed  to  estimate  the  horizontal  and  vertical  beam 
emittances  (if  the  beta  function  is  known)  and  six  pick-ups 
are  needed  to  measure  the  emittance  and  Twiss  parameters 
of  the  beam  in  both  planes  [2], 
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If  the  beam  size  is  oscillating  in  one  plane,  for  exam¬ 
ple  due  to  optical  mismatch  at  injection,  the  quadrupole 
pick-up  signal  will  be  modulated  by  twice  the  betatron  fre¬ 
quency.  Since  the  tune  is  generally  different  in  the  horizon¬ 
tal  and  vertical  planes,  the  oscillations  in  the  two  planes  can 
be  separated  in  a  Fourier  transform  of  the  signal.  There¬ 
fore,  a  single  quadrupole  pick-up  is  useful  as  a  diagnostic 
tool  for  beam  optical  matching  between  machines. 


2  THEORETICAL  CONSIDERATIONS 

2.1  Electric  Coupling 

The  traditional  design  of  a  quadrupole  pick-up  couples  to 
the  electric  field  of  the  beam.  The  electric  potential  V ( r ,  9) 
around  an  infinitely  long  beam  is  given  by 

,,,  1  COS0  sin0 

V{r,9)  =  m0  o-  +m0i — —  +  mio  — j-  + 


cos  2  9 


+  (m2 0  -77102)- 


where  the  moments  of  the  transverse  charge  distribu¬ 
tion  p{x,  y )  are  defined  as 


=  J  p{x,y)xlyj  dxdy, 


and  the  order  of  each  moment  is  k  =  i  +j.  If  electrodes  are 
positioned  at  9  —  0, 7r/2, 7r,  3tt/2,  the  quadrupole  signal  Q 
can  be  obtained  by 

7T  37T 

Q  =  V(rp,  0)  -  V(rp,  -)  +  V(rp,  tt)  -  V(rp,  — ),  (3) 

where  rp  is  the  radius  of  the  pick-up.  The  individual  signals 
are  dominated  by  the  first  term  in  (1),  which  is  of  the  order 
wothAp  =  Ptot / 7'p,  whereas  the  quadrupole  signal  compo¬ 
nent  in  each  signal  is  of  the  order  m2nd/r^  =  ptot<x2/rp. 
Thus,  there  is  factor  a2 /r2  difference  in  signal  strength.  In 
the  case  of  the  LHC  beam  in  the  PS  ring,  where  the  beam 
size  is  much  smaller  than  the  aperture,  this  demands  a  very 
high  common-mode  rejection  for  the  derivation  of  Q,  since 
a  difference  between  two  large  signals  has  to  be  taken. 


2.2  Magnetic  Coupling 


The  magnetic  field  around  an  infinite  beam  has  two  com¬ 
ponents.  If  the  field  is  expressed  in  cylindrical  coordinates, 
the  0-component  B$  is  essentially  given  by  (1)  but  with  an 
extra  factor  po/2-ir  [3].  The  _Br-component 


p0  sin  9  po  cos  9 

Br(r,9)  =  m0i- — -5-  +  mi0- - + 

2n  rl  27 r  r 2 

uosin20  .  .pocos29 

11^ - 5 - f  (77120  —  m02)- - 3 - 1 - 

27r  rA  27r  rd 
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is  more  interesting.  In  this  case,  there  can  be  no  moo 
component  since  this  would  violate  Maxwells  equation 
V  ■  B  —  0.  The  rest  of  the  formula  is  similar,  however. 
Therefore,  if  a  pick-up  is  set  up  to  measure  only  Br,  there 
is  no  intensity  signal.  Furthermore,  if  the  beam  is  centred  in 
the  pick-up  the  dipole  signal  vanishes,  and  thus  a  magnetic 
pick-up  coupling  to  Br  measures  “only”  the  quadrupole 
signal.  A  coupling  to  the  radial  field  component  Br  is 
achieved  by  placing  the  coupling  loops  in  the  plane  of  con¬ 
stant  r  (in  cylindrical  coordinates). 

2.3  Masking  of  the  quadrupole  oscillation  sig¬ 
nal  due  to  dipole  oscillation 

A  problem  with  all  quadrupole  pick-ups  is  that  if  the  pick¬ 
up  and  beam  centre  do  not  coincide,  the  quadrupole  sig¬ 
nal  gets  an  extra  contribution  proportional  to  the  square  of 
the  displacement.  If  the  displacement  is  large  relative  to 
the  beam  size,  this  will  dominate  the  measured  quadrupole 
signal.  But,  since  this  pick-up  also  measures  the  displace¬ 
ment  of  the  beam,  it  should  be  possible  to  correct  for  the 
dipole  component,  providing  the  measurement  is  accurate 
enough. 

3  PROTOTYPE  PICK-UP  DESIGN 

3. 1  Mechanical  Design 

A  prototype  pick-up  coupling  to  the  radial  magnetic  field 
of  the  beam  has  been  built  and  installed  in  the  PS  ma¬ 
chine  during  the  98/99  winter  shutdown.  The  mechanical 
design  of  the  prototype  pick-up  has  been  based  on  a  spare 
ceramic  vacuum  chamber  designed  for  the  PS  Booster  posi¬ 
tion  monitors,  whose  diameter  of  145mm  fits  the  physical 
aperture  of  the  PS  machine.  The  ceramic  allows  the  cou¬ 
pling  loops  to  be  placed  outside  the  vacuum,  which  saves 
vacuum  feed-throughs  and  facilitates  possible  interventions 
once  the  pick-up  is  installed  in  the  machine.  The  loops 
are  placed  directly  on  the  outside  of  the  ceramic,  at  radius 
rp  =  80mm.  The  0-range  covered  by  each  loop  was  cho¬ 
sen  to  be  45°,  which  was  found  to  be  a  good  compromise. 
A  wider  angle  would  give  larger  coupling  to  the  beam  but 
also  increase  the  inter-loop  coupling.  To  avoid  build-up 
of  static  charges,  and  to  reduce  the  longitudinal  impedance 
seen  by  the  beam  at  higher  frequencies  [4],  the  inside  of 
the  ceramic  chamber  was  coated  with  a  few  microns  of  ti¬ 
tanium.  For  continuity  of  low  frequency  wall  currents,  and 
to  protect  against  outside  noise,  the  whole  arrangement  is 
housed  in  a  metal  cylinder  of  300mm  diameter.  This  shield 
also  enhances  the  quadrupole  signal  relative  to  the  dipole 
signal  and  reduces  the  inter-loop  couplings. 

3.2  Read-Out  Electronics 

The  copper  rods  that  make  up  the  loops  are  connected  to 
earth  at  one  end,  and  connected  in  pairs  to  1:15  transform¬ 
ers  at  the  other  end.  The  secondary  side  of  each  transformer 
is  connected  via  50  ft  cable  to  a  hybrid  circuit,  which  is 


Figure  1:  A  picture  of  the  pick-up  before  mounting  the 
shield  cylinder. 


physically  separated  from  the  pick-up  to  facilitate  modifi¬ 
cations.  The  load  seen  by  each  antenna  loop  is  thus  only 
225  mfl,  which  gives  a  low  cut-off  frequency  of  around 
100  kHz. 

The  hybrid  forms  the  four  composite  signals; 
quadrupole,  the  two  dipoles,  and  the  sum  (which  ide¬ 
ally  should  be  zero).  It  can  be  bypassed  using  remotely 
controlled  switches,  in  case  the  signals  from  the  pick-up 
are  to  be  measured  individually.  The  hybrid  outputs  are 
fed  to  amplifiers,  which  are  placed  under  the  floor  to 
protect  them  from  radiation.  These  amplifiers  have  an  an 
amplification  factor  of  100,  a  bandwidth  of  30  Mhz,  and  a 
noise  level  of  2.3  nV/Hz"1^2. 

4  TESTS  AND  MEASUREMENTS 

4.1  Simulations 

Simulations  of  the  pick-up  have  been  performed  using  the 
High  Frequency  Structure  Simulator  (HFSS)  program,  us¬ 
ing  a  slightly  simplified  model  for  the  pick-up  geometry. 
The  results  show,  as  expected,  that  the  sum  signal  is  totally 
suppressed.  The  different  couplings  obtained  from  these 
simulations  are  shown  in  Table  1 . 


Moment 

Dipole  Quadrupole 

Analytic  (w/o  coating) 
Simulation  (w.  coating) 

10  nH/mm  180  pH /mm 1 

1 .5  nH /mm  32  pH / mm 2 

Table  1:  Coupling  strengths  from  analytic  approximation 
and  simulation. 


4.2  Test  Bench  Measurements 

Test  bench  measurements  have  been  performed,  using 
a  wire  antenna  to  map  the  signal  as  a  function  of  an- 
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tenna  position  in  the  x-y  plane.  The  result  is  shown  in 
Figures.  2  and  3.  Typical  output  signals  in  time  domain  are 
shown  in  Figure.  4.  Some  ringing  at  the  first  resonance  fre¬ 
quency  of  the  cavity,  formed  by  the  shielding  cylinder,  was 
found  at  about  70  MHz.  The  signal  is  a  common  mode 
signal,  and  is  therefore  suppressed  by  the  hybrid.  It  will 
also  be  filtered  out  by  the  limited  bandwidth  of  the  ampli¬ 
fiers.  It  was  experimentally  verified  that,  thanks  to  the  tita¬ 
nium  layer,  the  beam  does  not  see  a  significant  longitudinal 
impedance  at  the  resonance. 


Dipole  Coupling 


T9K  Run:  500MS/S  Sample 


Figure  4:  Output  signals  from  the  pick-up  in  time  domain. 
Trace  1  is  the  input  signal,  traces  2  and  3  are  the  horizon¬ 
tal  and  vertical  dipole  signals  respectively.  Trace  4  is  the 
quadrupole  signal.  The  test  was  performed  with  a  wire  an¬ 
tenna  displaced  3  cm  horizontally. 


Angle 

Figure  2:  Output  dipole  signals  versus  azimuthal  angle 
of  antenna  in  the  transverse  plane.  Antenna  displacement 
from  centre:  3cm.  Note  the  sin#  and  cos#  structure, 
which  is  expected  for  the  dipole  signal. 


•  Suppression  of  the  dominating  sum  signal,  thus  facil¬ 
itating  the  signal  treatment. 

•  No  active  electronic  components  needed  in  the  radia¬ 
tion  environment  of  the  ring. 

•  No  vacuum  feed-throughs  necessary. 


Quadrupole  Couplinq 


Angle 


Figure  3:  Output  quadrupole  signal  versus  azimuthal  angle 
of  antenna  in  the  transverse  plane.  Antenna  displacement 
from  centre:  3  cm.  Note  the  cos  2#  variation,  which  signi¬ 
fies  the  quadrupole  signal. 


5  SUMMARY  AND  CONCLUSIONS 

A  quadrupole  pick-up  coupling  to  the  radial  magnetic  field 
induced  by  the  beam  has  been  built  and  tested.  This  pick-up 
design  has  several  advantages  with  respect  to  a  ’traditional’ 
design,  such  as: 


The  test  bench  measurements  have  shown  that  the  pick-up 
works  as  expected.  It  will  be  thoroughly  tested  with  beam 
during  the  coming  year. 
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1.2  The  Algebraic  Reconstruction  Technique 


Tomographic  methods  have  the  potential  for  useful  applica¬ 
tion  in  beam  diagnostics.  The  tomographic  reconstruction 
of  transverse  phase  space  density  from  turn-by-turn  profile 
data  has  been  studied  with  particular  attention  to  the  ef¬ 
fects  of  dispersion  and  chromaticity.  It  is  shown  that  the 
modified  Algebraic  Reconstruction  Technique  (ART)  that 
deals  successfully  with  the  problem  of  non-linear  motion 
in  the  longitudinal  plane  cannot,  in  general,  be  extended  to 
cover  the  transverse  case.  Instead,  an  approach  is  proposed 
in  which  the  effect  of  dispersion  is  deconvoluted  from  the 
measured  profiles  before  the  phase  space  picture  is  recon¬ 
structed  using  either  the  modified  ART  algorithm  or  the  in¬ 
verse  Radon  Transform.  This  requires  an  accurate  knowl¬ 
edge  of  the  momentum  distribution  of  the  beam  and  the 
modified  ART  reconstruction  of  longitudinal  phase  space 
density  yields  just  such  information.  The  method  has  been 
tested  extensively  with  simulated  data. 

1  TOMOGRAPHY  ALGORITHMS 

1.1  The  Inverse  Radon  Transform 

The  idea  of  tomography  is  to  reconstruct  a  distribution  from 
a  large  number  of  projections  taken  at  different  angles. 
There  are  many  algorithms  for  tomographic  reconstruction. 

The  (2D)  Radon  transform  [1]  r(s,8 )  of  a  distribution 
p(x,  y)  is  defined  as 

/OO 

p{s  cos  8  —  u  sin  8,  s  sin  8  4-  u  cos  9)  du, 

■OO 

(1) 

where  0  <  6  <  it.  For  a  given  9  it  gives  the  projection  of 
p(x,  y)  onto  a  line  through  the  origin  at  an  angle  9.  The 
inverse  of  the  Radon  transform  is 

p{x,y)  =  f  r(x cosd  +  ysm9, 9)  d9,  (2) 

Jo 

where  r(s,  9)  can  be  written  in  terms  of  the  Fourier  trans¬ 
form  R(£,  9)  of  r(s,  9)  as 

/CO 

lei  R{d,e)j2*isdt  (3) 

-oo 

which  is  just  r  filtered  with  a  filter  whose  frequency  re¬ 
sponse  is  |£|.  If  a  number  of  projections  r(si,8j)  are 
known  from  measurements,  an  approximation  of  p(x,y) 
can  be  made  using  a  discrete  version  of  (2).  However,  since 
|£|  — >  oo  in  (3),  high  frequency  noise  is  strongly  amplified 
and  thus,  in  practice,  an  additional  low-pass  filter  is  needed. 

*  CERN  and  Manne  Siegbahn  Laboratory,  Stockholm,  Sweden 
t  Email:  Andreas. Jansson@cem.ch 


Algebraic  Reconstruction  Technique  (ART)  [2]  is  an  itera¬ 
tive  method.  It  exploits  the  fact  that  each  point  in  a  projec¬ 
tion  corresponds  to  a  line  in  the  reconstructed  picture.  The 
projections  are  thus  “back-projected”  in  such  a  way  that 
the  value  at  each  point  in  a  projection  is  distributed  along 
the  corresponding  line  in  the  picture.  This  yields  a  crude 
approximation.  The  approximation  is  then  projected  down 
again,  and  each  projection  of  the  approximation  is  com¬ 
pared  to  the  original  projection.  The  difference  between 
the  two  is  back-projected  again.  In  this  way,  the  approxi¬ 
mation  is  improved  until  it  converges,  and  the  iteration  is 
terminated. 

2  TOMOGRAPHY  OF  TRANSVERSE 
PHASE  SPACE 

2.1  The  Problem  of  Dispersion 

If  higher  order  effects  are  neglected,  transverse  phase  space 
density  performs  a  rigid  rotation  in  phase  space  for  each 
turn  in  a  circular  machine.  This  is  manifest  in  normalised 
phase  space,  where  all  particles  follow  circular  trajectories, 
rotating  at  the  betatron  frequency.  Thus,  performing  a  to¬ 
mographic  reconstruction  from  a  number  of  transverse  pro¬ 
files  where  the  dispersion  is  zero  is  trivial.  With  a  non-zero 
dispersion,  it  is  not  as  obvious.  Two  possible  solutions  have 
been  tested  and  the  results  are  summarised  below. 

2.2  Modified  ART  with  Dispersion 

Recently,  a  modified  ART  algorithm  has  been  used  with 
great  success  to  reconstruct  particle  density  in  longitudi¬ 
nal  phase  space  [3],  even  when  the  motion  is  strongly  non¬ 
linear.  The  algorithm  is  based  on  the  tracking  of  test  par¬ 
ticles.  By  changing  the  tracking  routine,  the  code  was 
adapted  to  tackle  the  transverse  case  with  dispersion.  Dis¬ 
persion  was  included  by  giving  the  test  particles  an  extra 
degree  of  freedom  (momentum)  with  a  statistical  distribu¬ 
tion  given  by  the  beam  momentum  spread,  which  was  as¬ 
sumed  to  be  Gaussian.  It  was  found,  however,  that  this 
approach  does  not  work.  An  ART  reconstruction  that  in¬ 
cludes  dispersion  in  the  tracking  code  cannot  resolve  de¬ 
tails  blurred  by  dispersion. 

2.3  Deconvolution  of  Dispersive  Effects 

The  dispersive  blurring  effect  can  be  removed  directly  from 
the  individual  profiles,  knowing  that  the  physical  beam  pro- 
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file  is  given  by  the  convolution 

pa(x)  =  J  p0(z)  ■  pd(x  -  z )  dz,  (4) 

where  p0(x)  is  the  pure  betatronic  profile,  pd(x)  is  the  dis¬ 
persive  spread  and  pa{x)  the  measured  profile.  Since  the 
profiles  are  measured  in  discrete  points,  the  discrete  equa¬ 
tion 

Pa(Xi)  =  ^  SD(Xi-j)  ■  p0{Xj)  (5) 

3 

applies,  which  can  be  written  in  matrix  form  as 

pa  =  H  -p0  (6) 

where  if  is  a  band  matrix  constructed  from  pd(x).  Thus, 
the  betatronic  profile  p0(x)  can  be  recovered  by  inverting 
the  matrix  H.  However,  band  matrices  are  known  to  be  nu¬ 
merically  ill-conditioned.  Therefore,  measurement  errors 
and  noise  will  be  strongly  amplified.  In  order  to  achieve  a 
useful  result,  (6)  has  to  be  regularized  in  some  way  to  make 
it  numerically  stable.  Several  schemes  exist.  The  scheme 
which  has  been  mainly  used  in  this  work  is  the  so-called 
Hunt  regularization  method  [4],  It  is  an  extension  of  the 
well  known  least  squares  fit,  where  an  extra  term  is  added 
in  the  minimization  function  to  control  the  second  deriva¬ 
tive  of  the  result.  If  pa  denotes  the  noisy  measured  profile, 
the  deconvolution  result  is  the  vector  p0  that  minimizes  the 
functional 

Ja{pp)  =  ( pa  - H ■  p0)T (pv- H ■  p0)+a(C ■  p0)T {C ■  p0 ) 

(7) 

for  a  >  0.  The  parameter  a  is  the  regularization  constant 
and  the  regularization  function  C  is  the  matrix  of  the  nu- 
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The  solution  to  the  minimization  problem  can  be  written  as 

P0  =  (HT  H  +  aCT  -C)-1  Ht  -pa.  (9) 

The  result  is  dependent  of  the  value  of  a.  As  a  rule  of 
thumb,  its  value  should  be  chosen  so  that 

{Pa-H-ppfiPv-H-pp)  =  {pa-Pa)T(Pa~Pa),  (10) 

where  the  right  hand  side  of  the  equation  is  just  the  rms 
error  of  the  measured  profiles,  which  can  be  estimated. 

The  Hunt  regularization  scheme  is  not  the  only  possible 
one.  An  approximate  solution  of  (6)  can  also  be  obtained 
for  example  by  using  singular  value  decomposition  (SVD) 
techniques.  The  idea  is  to  eliminate  very  small  singular 
values  from  the  matrix  H  before  solving  the  equation  by 
means  of  the  least  squares  fit. 

When  the  profiles  have  been  deconvoluted,  transverse 
phase  space  can  be  reconstructed  using  either  ART  or  the 
inverse  Radon  transform. 


2.4  How  to  Measure  the  Dispersive  Spread? 

In  order  to  deconvolve  the  dispersive  effect  from  the  mea¬ 
sured  beam  profiles,  a  very  accurate  measurement  of  the 
momentum  distribution  is  needed.  Attempts  to  use  an  as¬ 
sumed  distribution  (ie  Gaussian  or  parabolic)  with  the  right 
measured  rms  width  have  been  made  with  little  success  due 
to  the  strong  error  amplification.  However,  using  tomo¬ 
graphic  methods  in  the  longitudinal  plane  an  accurate  pic¬ 
ture  of  the  longitudinal  phase  plane  can  be  obtained.  Pro¬ 
jecting  onto  the  energy  axis  gives  the  momentum  spread. 
The  expected  accuracy,  estimated  from  simulations,  is  bet¬ 
ter  than  1%.  The  momentum  distribution  then  has  to  be 
scaled  by  the  dispersion  at  the  transverse  profile  monitor 
to  obtain  the  dispersive  spread.  This  has  to  be  done  for 
each  transverse  profile,  since  in  particular  the  dispersion 
can  vary  significantly  between  the  first  few  turns  after  in¬ 
jection  into  a  circular  machine. 

3  SIMULATION  RESULTS 

3. 1  Simulation  and  Reconstruction  Codes 

Several  pieces  of  code  have  been  written  to  test  the  method. 
A  simple  4D  tracking  code  has  been  implemented,  which 
produces  both  longitudinal  and  transverse  mountain  range 
data  for  the  reconstructions. 

For  the  longitudinal  reconstruction,  the  code  was  readily 
available  and  tested  [5]. 

The  Hunt  deconvolution  has  been  implemented  in  Math- 
ematica,  as  well  as  the  inverse  Radon  transform  for  trans¬ 
verse  reconstruction.  A  modified  version  of  the  longitudi¬ 
nal  reconstruction  code  has  been  produced,  which  can  han¬ 
dle  the  ART  reconstruction  in  the  transverse  plane. 

It  was  found  that  the  inverse  Radon  transform  and  the 
ART  code  give  similar  results.  However,  the  results  from 
the  inverse  Radon  transform  tend  to  be  noisier.  Therefore, 
the  ART  code  has  been  used  mainly,  with  occasional  cross¬ 
checks  using  the  inverse  Radon  transform.  ART  also  has 
the  additional  advantage  that  nonlineaH^ansverse  beam  dy¬ 
namics  can  be  treated,  although  this  has  not  been  done  here. 

3.2  Reconstructions 

For  the  simulations  presented  here,  a  parabolic  energy- 
phase  distribution  was  used.  The  momentum  spread  (2<r) 
was  roughly  1.2  x  10-3,  and  the  dispersion  at  the  profile 
measurement  device  3.0m. 

In  the  transverse  plane,  a  test  distribution  with  a  dough¬ 
nut  shape  was  used  to  check  the  resolving  power  of  the 
method.  The  distribution  is  shown  in  Fig.  1 .  To  simulate 
noise  and  cut  the  simulation  time,  an  insufficient  number 
of  test  particles  was  used.  Ideally,  a  larger  number  of  parti¬ 
cles  should  be  tracked  and  noise  added  afterwards,  but  for 
a  proof-of-principle  this  was  considered  sufficient. 

To  show  the  importance  of  handling  the  dispersion  prob¬ 
lem,  a  reconstruction  of  transverse  phase  space  without 
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Figure  1:  The  test  distribution  in  transverse  phase  space.  Figure  3:  Reconstruction  with  ART,  using  dispersion  cor¬ 
rection. 


x  [mm] 


Figure  2:  Reconstruction  with  ART,  using  no  dispersion 
correction. 


preceding  deconvolution  of  the  measured  profiles  is  shown 
in  Fig.  2. 

With  deconvolution  of  the  dispersion  effect,  the  picture 
is  much  more  like  the  original  (Fig.  3).  Deconvolution  us¬ 
ing  SVD  also  works  and  yields  a  very  similar  picture  for 
the  tested  distribution. 


in  the  presence  of  dispersion.  The  deconvolution  of  the  dis¬ 
persive  effect  requires  very  accurate  input  data,  since  any 
noise  is  strongly  amplified.  The  final  result  depends  on  the 
momentum  spread,  the  dispersion,  and  the  accuracy  of  the 
measurement. 

Tests  of  the  method  with  measured  data  will  be  done  in 
1999,  using  a  SEM-grid  in  the  CERN  PS  and  an  OTR  (Op¬ 
tical  Transition  Radiation)  screen  in  the  SPS  for  the  acqui¬ 
sition  of  transverse  profiles. 
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4  CONCLUDING  REMARKS 

It  has  been  shown  that  the  transverse  phase  space  distribu¬ 
tion  can  be  reconstructed  using  tomographic  methods,  even 
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Performance  of  the  Electron  Beam  Diagnostics  at 
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Abstract  2  BEAM  POSITION 


We  describe  the  performance  and  current  status  of  the  elec¬ 
tron  beam  diagnostic  complement  for  Jefferson  Lab’s  IR- 
FEL  oscillator.  In  addition  measurements  for  the  driver- 
accelerator  are  presented.  Beam  diagnostics  devices  in¬ 
clude  optical  transition  radiation  profile  monitors,  multi¬ 
slit  beam  emittance  measurement,  coherent  transition  and 
synchrotron  radiation  based  bunch  length  monitors,  both 
strip-line  and  button  antenna  BPM’s  and  pick-up  cavities 
for  longitudinal  transfer  function  measurement.  All  device 
are  controlled  via  the  EPICS  control  system. 


1  OVERVIEW 

Diagnostics  in  a  high  power  FEL  such  as  the  JLab  IR- 
FEL  [1]  were  crucial  to  smoothly  commission  the  driver- 
accelerator,  measure  and  control  the  beam  parameters. 
Among  the  parameters  that  must  be  thoroughly  measured 
and  controlled  over  the  beam  generation  and  transport, 
transverse  emittance  and  longitudinal  bunch  length  are 
probably  the  most  important  since  their  degradation  can 
significantly  affect  the  beam  brightness  and  consequently 
degrade  the  laser  gain.  A  generic  diagnostic  consists  of  a 
detector  mounted  on  the  beam  line  that  is  required  to  oper¬ 
ate  in  the  so-called  “tune-up  mode”,  a  low  duty  cycle  beam 
mode  that  can  be  used  during  machine  setup  without  dam¬ 
aging  any  beamline  components.  The  choice  to  perform 
most  of  the  measurements  at  low  duty  signal  is  legitimate: 
in  the  Jefferson  Lab’s  IRFEL  the  beam  physics  is  domi¬ 
nated  by  single  bunch  effects  (the  inter-bunch  distance  can¬ 
not  be  smaller  than  ~  4.02  m).  The  signal  from  the  detector 
is  treated  with  a  appropriate  system  (digitizer,  ADC,  etc...) 
and  pre-processed  on  an  input-ouput  controller  (IOC)  oper¬ 
ating  under  the  Vx Works  environment.  The  generated  data 
are  sent  on  the  local  network  and  can  be  accessed  from  any 
application  running  on  one  of  our  HP-9000  workstations 
connected  to  the  local  network.  In  parallel  to  the  EPICS 
system  it  is  possible  to  access  some  of  the  data  using  the 
Cdev  protocol.  For  many  purposes,  especially  during  com¬ 
missioning  activities,  we  have  developed  high  level  appli¬ 
cations  based  on  the  Tcl/Tk  scripting  language  or  the  mat- 
lab  package. 


*  This  work  was  performed  under  the  auspices  of  the  US-DOE  con¬ 
tract  #DE-AC05-84ER40150,  the  Office  of  Naval  Research,  the  Common¬ 
wealth  of  Virginia,  and  the  Laser  Processing  Consortium, 
t  Now  at  Brookhaven  National  Laboratory 


The  beam  position  monitoring  system  consists  of  two  types 
of  detector:  stripline  detectors  that  provide  a  low  RF- 
impedance  so  that  no  beam  degradation  due  to  wakefield 
occurs  and  the  button  antenna  detector  which  are  used  in 
large  aperture  vacuum  chambers  required  in  the  resonator 
bypass  chicanes  and  the  recirculation  arcs.  Two  differ¬ 
ent  electronics  are  used  for  processing  the  signal:  the  4- 
channel  electronic  is  used  since  it  offers  a  high  repro¬ 
ducibility.  This  electronic  consists  of  4  detectors  for  each 
of  the  4  antenna.  In  the  wiggler  region,  the  switched  elec¬ 
trode  electronic  [2]  is  used:  it  switches  the  signal  between 
each  pair  of  the  four  antenna  and  offers  a  higher  dynamics 
range  compared  to  the  4  channels  electronics.  The  most 
stringent  requirement  on  the  BPMs  concern  the  six  BPMs 
located  in  the  wiggler  insertion  region:  the  demand  on  po¬ 
sition  measurement  accuracy  is  45  fim.  During  the  com¬ 
missioning  of  the  driver  accelerator  we  have  been  able  us¬ 
ing  saved  value  of  the  reading  from  the  BPM’s  to  routinely 
achieve  a  very  reproducible  orbit  which  significantly  expe¬ 
dites  the  startup  of  the  laser.  It  has  also  been  used  to  test 
the  lattice  first  order  transfer  matrix  using  the  difference  or¬ 
bit  method.  The  SEE  electronics  also  provides  a  “B-scope” 
feature  which  consists  of  acquiring  and  recording  for  off¬ 
line  analysis  the  beam  position  at  higher  frequency  (e.g. 
30  Hz).  This  feature  enables  the  operator  to  quantify  beam 
jitter  and  identify  potential  frequency  dependent  beam  mo¬ 
tion. 

3  MOMENTUM  COMPACTION  & 
COMPRESSION  EFFICENCY 

One  must  carefully  set  up  the  bunching  elements  to  achieve 
ultrashort  bunch  length  at  the  wiggler  insertion.  We  charac¬ 
terize  the  compression  efficiency  of  the  lattice  by  measur¬ 
ing  the  transfer  function  <  (j>iaser  \4>out  >•  The  phase  of  the 
photocathode  drive  laser  (j>iaser  is  modulated  and  the  out¬ 
put  phase  <t>out  after  a  section  of  the  transport  is  measured 
using  a  stainless  pill-box  cavity  by  detecting  the  fundamen¬ 
tal  mode  TMqiq .  The  signal  is  processed  with  a  precise 
phase  detector:  the  signal  is  phase  shifted  and  mixed  with 
the  reference  master  oscillator  signal.  Before  the  measure¬ 
ment  the  phase  shifter  is  set  to  insure  the  cavity  is  at  zero¬ 
crossing.  An  example  of  measurement  of  <  <j>iaser\<t>out  > 
transfer  map  is  presented  in  figure  1 .  There  are  four  pickup 
cavities  in  the  driver-accelerator:  located  downstream  of 
the  10  MeV  cryomodule  in  the  injector,  at  the  linac  front 
end,  at  the  exit  of  the  first  and  second  recirculation  Bates- 
type  arcs.  The  three  latter  cavities  are  also  used  to  measure 
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the  <  Sunac,  4>out  >  where  5unac  is  the  energy  variation 
at  the  linac  exit.  For  such  a  measurement  we  modulate 
the  gradient  of  the  last  cavity  of  the  linac  while  measur¬ 
ing  the  time  of  arrival  at  the  aforementioned  cavities.  Non¬ 
linear  fit  of  these  longitudinal  transfer  map,  or  alternative 
Tchebychev  analysis  [8],  can  be  used  to  extract  M55,  T555, 
or  M56,  and  T556  first  and  second  order  transfer  matrix  co¬ 
efficients  and  compare  them  with  optics  code.  On  the  other 
hand,  the  transfer  function  pattern  can  also  be  used  to  set 
the  machine  in  a  reproducible  way,  i.e.  by  checking  time  to 
time  whether  these  patterns  are  unchanged.  They  can  also 
be  compared  to  simulated  transfer  functions  generated  with 
particle  pushing  code  such  as  PARMELA  [3]. 


Photocathode  Drive  Laser  Phase  (RF-deg) 


Figure  1:  Effect  of  the  laser  on  the  <  (j)iaser\<i>oui  >  trans¬ 
fer  function. 


4  BEAM  TRANSVERSE  ENVELOPES 

Except  in  the  350  keV  beam  generation  region,  the  beam 
transverse  densities  are  measured  exclusively  by  detecting 
the  backward  optical  transition  radiation  produced  at  the 
surface  of  a  2  pm  aluminum  foil.  The  foil  is  imaged  with  an 
aberration-optimized  optical  system  on  a  CCD  array  whose 
video  ouput  is  digitized  by  the  means  of  DATACUBE  im¬ 
age  processing  board  running  on  its  own  IOC.  Beam  2D 
density,  projection,  centroid  position  and  rms  size  are  com¬ 
puted  on  the  CPU  of  the  dedicated  IOC  before  being  broad¬ 
casted  on  the  local  network.  Because  of  the  difficulty  to 
observe  OTR  in  the  350  keV  region,  we  have  instrumented 
this  beam  line  with  a  highly  sensitive  wire  scanner  that  can 
profile  beam  at  the  gun  exit,  after  the  first  solenoidal  lens, 
and  with  a  fluorescent  screen  at  the  entrance  of  the  10  MeV 
accelerating  structure  to  check  beam  transverse  envelope. 
Along  with  (pure  betatron)  beam  size  measurement,  some 
of  the  OTR  monitors  are  located  in  high  dispersion  region, 
e.g.  compressor  and  decompressor  chicanes  and  recircula¬ 
tion  arcs,  to  measure  the  beam  energy  spread.  An  example 
of  energy  spread  distribution  measured  in  the  decompres¬ 
sor  chicane  located  downstream  the  undulator  is  shown  in 
figure  2.  It  is  also  planned  to  use  synchrotron  radiation  to 
monitor  the  beam  spot  during  cw  operation.  Unfortunately 
because  of  our  bend  curvature  p  ~  0.6  m  the  critical  wave¬ 
length  is  of  the  order  of  Ac  =  47rp/(373)  ~  7  pm  which 
implies  the  use  of  very  sensitive  (and  expensive)  camera 
that  will  be  installed  once  beam  physics  experiments  are 


Energy  Spread  (%) 

Figure  2:  Example  of  energy  spread  distribution  variation 
when  the  FEL  is  off  or  turned  on. 

completed  (to  avoid  damaging  them). 

Two  types  of  emittance  measurement  have  been  imple¬ 
mented:  In  the  10  MeV  injection  line,  where  the  beam  is 
space-charge-dominated,  the  transverse  emittance  is  mea¬ 
sured  with  a  multislit  [5]  mask  that  can  provide  emittance, 
Twiss  parameters  at  1  Hz  level  and  transverse  trace-space 
isocontours  at  0.5  Hz;  an  example  of  generated  beamlets  is 
shown  in  figure  3.  In  the  38+  MeV  region,  the  emittance 
is  measured  using  the  standard  beam  envelope  fitting  tech¬ 
nique,  i.e.,  either  quadrupole  scan  or  multi-monitor  meth¬ 
ods.  A  Tcl/Tk  application  has  been  written  to  automate 
the  measurement  as  much  as  possible  and  render  it  flexible 
by  letting  the  user  choose  any  quadrupole/profile  monitor 
he/she  desired  to  use  for  the  measurement.  Such  automa¬ 
tion  is  possible  thanks  to  the  use  of  the  Artemis  [10]  mod- 
elserver,  an  online  updated  model  of  the  beamline  lattice 
capable  of  providing  to  any  applications  ’’real  world”  ma¬ 
chine  transfer  matrices  in  real  time.  Based  on  quadrupole 
scan  technique  we  have  also  implemented  a  transverse 
phase  space  tomographic  reconstruction  [9]. 


-5-4-3  -2  -1  0  1  2  3  4  5 
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Figure  3:  Example  of  beamlets  pattern  generated  by  the 
multislits  mask  from  which  the  Twiss  parameters  and  emit¬ 
tance  are  inferred. 

5  BUNCH  LENGTH 

During  the  early  stage  of  the  commissioning  of  the  driver 
accelerator  we  have  experimented  with  bunch  length  mea- 
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Figure  4:  (A)  raw  data  from  the  detector  i.e.  interfero- 
gram,  (B)  autocorrelation  obtained  from  the  interferogram, 
(C)  energy  spectrum  obtained  by  fourier-transforming  the 
autocorrelation,  (D)  bunch  distribution  obtained  by  hilbert- 
transforming  the  energy  spectrum  after  low  frequency  ex¬ 
trapolation. 


These  tails  are  present  in  the  interferogram  function  but  are 
so  weak  that  they  are  part  of  the  baseline.  Therefore  the 
bunch  length  computed  is  not  characteristic  of  the  whole 
bunch,  but  only  of  its  core. 


SRF-Linac  Gang  Phase  (RF-deg) 

Figure  5:  Limitation  of  CTR  based  bunch  length  measure¬ 
ment. 


surement  using  zerophasing  technique.  This  consists  of  in¬ 
ducing  an  energy  ramp  along  the  bunch  by  operating  one  or 
several  cavities  at  the  zero-crossing  point  and  mapping  the 
energy  distribution  into  the  horizontal  plane  with  a  spec¬ 
trometer  [4,  6],  Also  this  method  enables  the  measurement 
of  both  bunch  length  and  longitudinal  phase  slope;  it  is  not 
practical  for  operation  purposes  compared  to  bunch  moni¬ 
tor  based  on  coherent  radiation  detection.  The  IRFEL  has 
been  instrumented  with  two  of  these  latter  monitors:  one 
is  located  in  the  injector  front  end  while  the  other  in  the 
wiggler  region.  From  an  interferogram  measurement  one 
can  compute  the  bunch  length,  its  frequency  spectrum  and 
reconstruct  the  longitudinal  distribution  as  shown  in  fig¬ 
ure  4.  Currently  only  the  interferometer  located  in  the  wig¬ 
gler  vicinity  is  fully  commissioned:  it  has  confirmed  the 
ultra-short  bunch  length  we  were  achieving  of  the  order  of 
100  fj.m  (RMS)  [6].  In  fact  under  routine  operation  to  start 
up  the  laser,  the  interferogram  is  not  measured,  but  the  to¬ 
tal  CTR  signal  is  maximized  to  ensure  the  bunch  length  is 
minimum  at  the  undulator  location,  then  fine  adjustment 
of  the  linac  phase  is  performed  to  compensate  for  the  slip¬ 
page  effect,  by  measuring  the  output  power  of  the  laser  and 
maximizing  the  FEL  gain.  The  bunch  length  inferred  from 
autocorrelation  must  be  interpreted  with  care:  during  oper¬ 
ation  of  the  linac  in  overcompression  mode,  it  could  pro¬ 
vide  erroneous  results  as  is  shown  in  figure  5  where  the  si¬ 
multaneous  measurement  of  CTR  power  and  bunch  length 
(inferred  from  the  interferogram)  are  presented  versus  the 
linac  phase.  One  can  see  the  discrepancy  in  the  overcom¬ 
pression  regime  as  the  total  CTR  power  decreases,  yet  the 
bunch  length  still  decreases.  This  effect  was  traced  back 
via  numerical  modeling  and  found  to  be  due  to  tail  forma¬ 
tion  in  the  bunch  due  to  the  space  charge  collective  force. 


6  BEAM  CURRENT  AND  CHARGE 

There  are  two  methods  that  can  be  used  to  measure  the 
beam  current.  An  averaging  method  consists  in  using  the 
IRFEL  dumps  as  Faraday  cups  which  provide  an  absolute 
beam  current  measurement.  A  faster  but  relative  method, 
capable  of  providing  data  at  10  kHz,  consists  in  measur¬ 
ing  the  amplitude  signal  out  of  a  pillbox  cavity  similar  to 
the  one  used  for  the  measurement  of  the  longitudinal  trans¬ 
fer  functions  described  above.  Such  a  method,  after  cali¬ 
bration,  is  used  continuously  to  monitor  the  instantaneous 
beam  current  delivered  at  injector  front  end.  Recently  an 
integrator  has  been  added  so  that  we  can  measure  the  to¬ 
tal  charge  delivered  for  a  given  period,  typically  between 
photocathode  recesiation  or  wafer  changes  and  monitor  the 
photocathode  performance. 
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Abstract 


2  IDEA 


A  new  approach  for  absolute  beam  energy  measurement 
with  a  use  of  the  kinematic  properties  of  the  Compton 
backscattering  is  suggested.  Under  reasonable  gamma-ray 
beam  detector  requirements,  it  possesses  absolute  accuracy 
for  beam  energy  measurement  up  to  the  value  of  10-4. 

1  INTRODUCTION 

There  are  several  approaches  to  measure  the  electron  beam 
energy  by  use  of  Compton  backscattering  kinematic  prop¬ 
erties.  The  Compton  backscattering  kinematics  is  shown 
on  Fig.l:  a  photon  with  energy  u>o  and  wave  vector  ko  is 
incident  on  a  high  energy  electron  (e  =  |p|)  with  angle  a. 
In  the  final  state  an  energetic  7-quantum  (w,  it)  is  scattered 
by  angle  9. 


Figure  1 :  Compton  backscattering  kinematics 

Main  kinematic  parameters  of  the  Compton  backscatter¬ 
ing  are  coupled  by  the  following  formula  [1]: 


.A 

W-£l  +  A  +  (9e/mec2)2' 


A  = 


4  £OJ0  2  ° 

(mec2)2  C°S  2 


(1) 


Since  that,  one  can  measure  the  Compton  energy  spec¬ 
trum  for  a  couple  or  more  laser  wavelengths  and  then  de¬ 
termine  the  electron  beam  energy  e  from  the  relative  posi¬ 
tions  of  the  energy  spectrum  edges  (0  =  0).  Although  these 
edges  are  very  sharp  and  thus  may  be  measured  with  a  very 
high  accuracy,  one  must  exactly  know  the  linearity  of  the 
energy  scale  of  the  detector  used  for  the  measurements  to 
obtain  the  high  accuracy  for  the  electron  beam  energy  cali¬ 
bration. 
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The  main  idea  of  the  current  suggestion  is  an  attempt 
to  skip  through  the  problem  of  having  a  perfect  detector 
for  direct  Compton  energy  spectra  measurements.  As  far 
as  the  laser-electron  interaction  is  the  interaction  of  two 
monochromatic  beams,  there  is  an  unambiguous  correla¬ 
tion  between  the  scattered  photon  energy  u  and  its  emission 
angle  6,  described  by  equation  (1).  Thus  one  can  measure 
the  photon  emission  angle  instead  of  its  energy.  If  we  use 
two  laser  lines  to  scatter  on  the  electron  beam:  u>i  —  ojq 
and  u>2  =  K  ■  wo  ( K  >1),  then  for  any  monochromatic 
line  u)  in  the  backscattered  photon  energy  spectra  (below 
the  backscattered  photons  energy  spectrum  edge  for  wi)  we 
have  the  following  equation: 


- = -  (2) 

1  +  A  +  (6ie/mec2)2  1  +  KX  +  ( 02e/mec 2)2  ’ 

where  9\  and  02  are  the  photon  scattering  angles  for  laser 
lines  with  the  energies  wi,  u>2.  This  gives  a  possibilty  to 
determine  the  electron  beam  energy  by  measuring  the  0\ 
and  02  angles: 


e  = 


2  /  K-l 
meC  y  91-K92' 


(3) 


To  perform  the  calibration  of  the  electron  beam  energy 
e  we  suggest  to  obtain  the  Compton  backscattering  for 
two  laser  lines  on  the  electron  beam,  and  then  to  measure 
the  backscattered  photon  energy  and. coordinates  by  the  7- 
quanta  detector,  situated  at  distance  D  from  the  interaction 
area  along  the  photon  beam  propagation  direction.  The  es¬ 
sential  difference  from  the  mentioned  above  idea  of  direct 
measurement  of  the  Compton  energy  spectra  edges  is  that 
the  sense  of  the  energy  spectrometer  in  our  case  is  only  to 
select  the  same  energy  range  for  the  backscattering  photons 
from  both  initial  laser  photons  energies. 

First,  let’s  assume  that  we  have  the  7-quanta  detector 
with  perfect  energy  and  space  resolution,  and  that  the  elec¬ 
tron  beam  itself  has  zero  transverse  size  and  all  electrons 
momenta  are  collinear.  In  this  ideal  case  any  monochro¬ 
matic  line  u  in  the  energy  spectra  for  and  w2  laser  pho¬ 
tons  energies  gives  delta-function  distributions  over  radius 
R  =  D  tan(0)  in  the  coordinate  detector  plane.  The  ac¬ 
curacy  for  the  beam  energy  calibration  is  then  given  by  the 
expression: 
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J(^)2AR*  +  AD*;  (4) 

e  D\  mecz 

Where  A R  and  A D  are  the  accuracies  for  the  radius  R 
and  detector  distance  D.  From  this  expression  we  can  men¬ 
tion  that  for  the  beam  energy  e  =  5.0  GeV  and  detector 
distance  D  =  50  m  we  need  to  measure  the  radius  R  with 
accuracy  about  1  /im  to  have  the  ~  10-4  accuracy  for  e. 
The  values  of  me,  c  and  K  are  considered  to  be  known 
with  the  accuracy  of  10-8  and  are  treated  as  constants  in 
the  further  discussion. 

In  real  life  this  narrow  ^-distribution  is  smeared  by  the 
following  parameters: 


the  list  in  the  end  of  the  previous  section  give  the  Gaussian 
dispersions  <rx  and  <ry.  By  simple  integration  of  the  f(x,  y) 
function  over  x  or  y  coordinates,  we  have  the  functions  to 
fit  the  y  and  x  coordinate  distributions  of  the  backscattered 
photons  on  the  coordinate  detector,  and  then  determine  the 
Rq.  The  plot  for  the  f(x,  y)  function  is  given  on  Figure  2. 

4  NUMERICAL  EXAMPLE 

The  Monte  Carlo  simulations  were  performed  to  obtain  the 
possible  experimental  accuracy  of  the  electron  beam  en¬ 
ergy  measurement.  The  following  parameters  were  set  for 
the  Compton  backscattering  process  simulation: 


•  the  width  of  the  choozen  energy  range  in  the  backscat¬ 
tered  photon  energy  spectrum; 

•  energy  resolution  of  the  spectrometer; 

•  space  resolution  of  the  coordinate  detector; 

•  energy,  coordinate  and  angular  spreads  in  the  electron 
beam. 


3  RADIUS  MEASUREMENT 


We  have  to  determine  the  radius  that  corresponds  to  the  se¬ 
lected  energy  diapason  in  the  backscattered  photon  spectra 
for  both  the  and  u?2  laser  lines  from  the  coordinate  dis¬ 
tributions  of  these  photons  on  the  coordinate  detector.  This 
section  describes  one  of  the  possible  approaches  to  solve 
the  problem.  We  assume  that  the  coordinate  distribution 
of  the  backscattered  photons  is  described  by  the  following 
formula: 


/(z,2/)  = 


4n2<7xayRo 


2iz 

f  exp 
0 


_ (Ro  cosip  —  x)2  (Rq  sin  <p— y)2 


2al 


2o2 


dr,  (5) 


that  is  the  convolution  of  the  ring  with  radius  Ro  with 
the  two-dimensional  Gaussian  for  coordinates  x  and  y. 


Figure  2:  The  f(x,  y)  function 

The  ring  with  radius  Rq  corresponds  the  angle  0  for  the 
backscattering  photons  of  energy  w,  and  all  the  factors  from 


•  electron  beam  energy  e  —  5  GeV  (that  is  the  case  of 
VEPP-4M  collider  [2]); 

•  photon  energies  uj\  =  1.165  eV  and  w2  =  2.33  eV  that 
corresponds  to  the  first  and  the  second  harmonics  of 
Nd:YAG  laser  (this  means  K  =  2); 

•  electron-laser  beams  interaction  angle  a  =  7r/2,  that 
allows  to  obtain  accurate  knowledge  of  the  electron- 
photon  interaction  area  position; 

•  Gaussian  dispersions  for  the  electron  beam  transverse 
sizes  <jy  —  100  /im,  ax  =  200  /zm; 

The  backscattered  photon  energy  spectra  for  two  laser 
photon  energies  wi  =  1.165  eV  and  u>2  =  2.33  eV  are  plot¬ 
ted  on  Figure  3.  The  dashed  region  (100  MeV  width)  was 
divided  into  1  MeV  intervals,  for  each  of  them  the  x  and  y 
coordinate  distributions  were  simulated  on  the  coordinate 
detector. 


Figure  3:  The  backscattered  photons  energy  spectra 

Next  set  of  simulation  parameters  describes  the  detector 
for  the  backscattered  photons: 

•  The  coordinate  detector  Gaussian  dispersions  for  the 
space  resolution  ay  =  100  ym,  <rx  =  100  fi m; 

•  The  coordinate  detector  distance  from  the  electron- 
photon  interaction  area  and  its  accuracy 

D  ±  AD  =  7500  ±  0.5  cm. 
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Coordinates  and  energy  are  measured  in  channels:  one 
coordinate  channel  equals  100  //m,  one  energy  channel 
equals  0.1  MeV.  The  coordinate  distribution  of  backscat- 
tered  photons  for  one  of  the  energy  intervals  is  shown  on 
Figure  4: 


1850  1900  1950  2000  2050  2100  2150 

coordinate  channels 

Figure  4:  X-coordinate  distribution  of  backscattered  pho¬ 
tons  for  wo  =  2.33  eV,  e  =  5  GeV.  Energy  interval  fixed  by 
the  specrometer  is  139  —  140  MeV.  Empty  squares  -  re¬ 
sult  of  Monte  Carlo  simulation,  the  fit  was  done  as  it  was 
described  in  section  3.  x2^  1-047 

The  dependence  of  the  relative  statistical  error  in  radius 
measurement  from  the  number  of  counts  in  histogram  is 
given  on  Figure  5: 


Figure  5:  Dependence  of  the  relative  statistical  error  in  ra¬ 
dius  measurement  from  the  number  of  counts  in  histogram. 
The  labels  in  the  comer  are  in  the  same  order  (from  top  to 
bottom)  as  the  lines  and  points  on  the  plot.  The  Gaussian 
angular  spread  in  the  electron  beam  equals  0.2  •  10-4  rad 
for  cases  a),  c)  and  0.1  •  10“4  rad  for  cases  b),  d) 

Figure  5  shows  that  the  errors  in  radius  measurement 
obey  to  the  l/y/N  law.  Then  we  have  to  deal  with  a 
systematical  error  in  e  measurement,  originating  from  the 
width  of  each  energy  interval,  selected  by  the  spectrome¬ 
ter.  The  point  is  that  we  actually  have  two  different  energy 
spectra  shapes  for  the  two  selected  laser  photon  energies 


wi  and  W2,  as  it  was  shown  on  Figure  3.  The  non-zero 
width  of  the  selected  interval  gives  the  difference  between 
the  average  energy  (inside  each  interval)  for  these  two  spec¬ 
tra.  The  effective  width  of  the  interval  is  determined  by  the 
convolution  of  the  selected  range  with  the  resolution  of  the 
spectrometer.  Therefore  there  is  no  sense  to  select  the  in¬ 
tervals  narrower  then  the  spectrometer  energy  resolution. 
The  dependence  of  the  systematical  beam  energy  shift  on 
the  spectrometer  energy  resolution  is  given  on  Figure  6: 


Figure  6:  The  dependence  of  the  (e  —  e0)/£o  on  the  aw. 

The  absolute  value  of  the  electron  beam  energy  on  Fig¬ 
ure  6  was  determined  by  averaging  the  values,  obtained 
from  20  energy  intervals  of  1  MeV  width.  The  system¬ 
atical  shift  must  be  taken  into  account  for  correct  electron 
beam  energy  measurement. 

5  DISCUSSION 

A  new  approach  to  measure  an  absolute  electron  beam 
energy  by  the  coordinate-sensitive  detector  has  been  sug¬ 
gested  in  this  report.  The  statistical  errors  for  radiuses  de¬ 
termination  could  be  minimized  to  the  level  of  10~3  or  even 
better  by  increasing  the  experimental  statistics  to  the  value 
of  107  or  more  photons  per  histogram.  A  numerical  esti¬ 
mations  for  the  method  accuracy  at  the  electron  beam  en¬ 
ergy  e=5  GeV  shows  that  the  main  source  of  systematical 
errors  is  in  the  difference  of  the  energy  spectra  shapes  for 
two  laser  lines  in  the  selected  energy  range.  These  system¬ 
atical  shift  in  the  absolute  beam  energy  calibration  have  to 
be  significantly  smaller  for  higher  beam  energies,  cause  the 
arbitrary  energy  resolution  of  the  photon  spectrometer  will 
be  much  better  for  this  case. 
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Abstract 

As  part  of  the  effort  to  develop  a  multi-axis  electron 
beam  transport  system  using  stripline  kicker  technology 
for  DARHT II  [1]  applications,  it  is  necessary  to  precisely 
determine  the  position  and  extent  of  long  high  energy 
beams  (6  -  40  MeV,  1-4  kA,  2  microseconds)  for  accurate 
position  control.  The  kicker  positioning  system  [2]  uti¬ 
lizes  shot-to-shot  adjustments  for  reduction  of  relatively 
slow  (<  20  MHz)  motion  of  the  beam  centroid.  The  elec¬ 
tron  beams  passing  through  the  diagnostic  systems  have 
the  potential  for  large  halo  effects  that  tend  to  corrupt  mea¬ 
surements  performed  using  capacitive  pickoff  probes. 
Likewise,  transmission  line  traveling  wave  probes  have 
problems  with  multi-bounce  effects  due  to  these  longer 
pulse  widths.  Finally,  the  high  energy  densities  experi¬ 
enced  in  these  applications  distort  typical  foil  beam  posi¬ 
tion  measurements. 

1  INTRODUCTION 

The  constraints  dictated  by  these  beam  diagnostic 
requirements  indicate  a  system  that  has  the  advantage  of 
only  measuring  high  energy  beams  (such  that  sensitivity  to 
intensity  can  be  small).  On  the  other  hand,  positional 
accuracy  needs  to  be  sub  millimeter  in  order  to  define  the 
outer  bounds  of  the  beam  for  determination  of  the  correct 
transport  parameters.  As  a  result,  a  low  Q  structure  allows 
for  a  faster  response  time  and  different  parts  of  the  beam 
will  not  effect  the  measurement  of  the  beam  position  dur¬ 
ing  later  times.  The  completed  diagnostic  system  involves 
a  high  accuracy  beam  position  detection  system,  a  data 
acquisition  system,  a  computer  controlled  feedback  sys¬ 
tem  (to  control  the  stripline  kicker  pulser  waveforms)  and 
the  kicker  pulsers  themselves. 

The  precision  beam  position  monitors  are  utilized  as 
part  of  the  kicker  beam  deflection  system  [3]  which 
requires  precise  beam  control  to  successfully  position  the 
beam  through  the  subsequent  output  divergent  septum 
beampipe.  Accuracies  of  0.5  mm  are  desirable  for  use 
with  the  kicker  system  and  accuracies  of  0.1  mm  are 
needed  for  the  proposed  target  system  [3]. 

2  BASELINE  BUG  TESTING 

As  part  of  the  development  effort,  the  existing  beam 
position  monitors  (a.k.a.  BPM’s  or  beam  bugs)  were  tested 
to  evaluate  their  long  pulse  performance.  Since  evolution 
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Figure  1.  The  quad  stripline  kicker  (left)  in  the 
Experimental  Test  Accelerator  (ETA-II)  beamline  as 
part  of  the  verification  experiments  [3].  Downstream 
of  the  kicker,  the  deflected  beam  passes  through  the 
septum  magnet  (right)  and  into  the  divergent  beam 
lines. 

of  the  existing  BPM’s  has  been  an  on-going  process  for 
many  years,  they  were  used  as  part  of  the  baseline  experi¬ 
ments  to  determine  the  feasibility  of  using  this  type  of 
design  for  long  pulse  efforts.  Other  designs  used  in  beam 
position  measurements  were  examined  but  these  designs 
have  compatibility  problems  with  long  pulse  beams,  with 
beams  with  high  degrees  of  halo,  or  suffer  from  charge 
build  up  problems  over  the  course  of  the  beam  pulse. 

To  simulate  the  long  pulse  beam,  a  pulser  capable  of 
several  microseconds  and  kilovolts  was  used  to  drive  the 
test  stand.  The  stand  consists  of  a  tapered  coaxial  section 


Figure  2.  The  beam  position  monitor  test  stand  (left) 
used  for  measuring  the  accuracy  and  response  of  the 
various  BPM’s.  The  stand  was  driven  by  a  variety  of 
pulsers  including  a  fast  rise  time  pulser  and  a  long 
pulse  Velonex™  pulser  with  capabilities  above  one 
kilovolt  and  beyond  six  microseconds  (left). 

on  each  end  of  the  test  stand.  This  provides  an  impedance 
match  to  50Q  and  exhibited  excellent  spectral  uniformity 
agreeing  to  within  0.15  dB.  These  sections  drive  the 
straight  section  of  beampipe  which  is  offset  to  allow  for 
displacing  the  current  conductor  with  respect  to  the  BPM. 
Displacements  of  up  to  one  centimeter  were  examined. 
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Displacements  significantly  beyond  one  centimeter  cause 
higher  order  modes  to  be  established  due  to  the  beam  pipe 
discontinuity  at  the  displacement  points.  Note  that  the 
center  conductor  is  fixed  with  respect  to  the  tapered  coax¬ 
ial  sections  and  so  displacement  of  the  BPM  causes  the 
center  conductor  to  get  closer  to  one  side  of  the  BPM  thus 
simulating  the  displaced  beam.  One  drawback  of  the 
Velonex™  pulser  is  its  characteristic  requiring  a  total  out¬ 
put  waveform  integrating  to  zero.  Thus,  for  the  unipolar 
pulse  there  is  a  long  baseline  tail  on  the  data.  In  this  case, 
the  decay  rate  for  this  tail  has  a  time  constant  of  94  [is  (its 
peak  voltage  is  only  3%  of  the  main  pulse)  but  data 
beyond  the  main  pulse  should  be  ignored. 


difference  signal  between  T+  and  T-  at  0  cm  offset 


microseconds 


integral  of  the  T+.T-  difference  signal  at  0  cm  offset 
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Figure  3.  The  waveform  on  the  left  shows  the  differ¬ 
ence  signal  between  two  opposite  output  ports  on  the 
BPM  when  the  current  carrying  conductor  is  on-axis. 
This  allows  the  performance  of  each  channel  to  be 
calibrated  before  displacing  the  current  carrying 
conductor;  thus  allowing  for  greater  precision.  The 
waveform  on  the  right  shows  the  integral.  In  this 
case,  it  corresponds  to  the  positional  error  of  this 
BPM  and  can  be  unfolded  from  the  final  data.  [The 
hash  in  the  waveforms  on  the  left  in  figures  3  and  4  is 
a  graphing  artifact  and  is  not  representative  of  the 
noise  in  the  signal.  The  noise  is  2  mV.  ed.] 


difference  signal  between  T+  and  T-  at  I  cm  offset 


integral  of  difference  signal  between  T+  and  T-  at  I  cm  offset 


Figure  4.  Two  channels  on  opposite  sides  of  the  BPM 
are  acquired  with  a  displacement  of  one  centimeter  . 
The  difference  is  then  computed  (Jeft)  and  the  posi¬ 
tion  is  found  by  integrating  (right).  Notice  that  the 
vertical  scale  in  Figure  4  is  significantly  different 
than  that  of  Figure  3. 


Figure  5.  The  region  between  the 
leading  and  trailing  edge  is  mag¬ 
nified  here  exposing  the  baseline 
offset  between  the  leading  and 
trailing  edges  of  the  pulse. 


Figure  5  shows  a  close  up  view  of  the  differential  signal 
with  a  one  centimeter  offset  of  the  current  conductor. 
Observe  the  baseline  shift  in  the  waveform  which  is 
caused  by  preferential  coupling  to  the  port  closer  to  the 
current  conductor.  Acquiring  each  channel  from  the  beam 
position  monitor  separately  allows  for  greater  control  of 
the  unfolding  of  the  data.  In  the  cases  shown  in  Figures  3 
and  4,  the  total  waveforms  are  represented  by  15,000 
points  with  30  points  defining  the  rise  time  of  the  pulse. 

3  BPM  DESIGN  AND  TEST 

3.1  Drawbacks  of  Existing  BPM’s 

The  existing  test  stand  generates  a  maximum  of  twenty 
amps  and  so  the  saturation  of  the  ferrite  material  is  not  an 
issue.  But  at  an  operating  point  of  1  -  4  kiloamps  for  2  [is, 
a  beam  pulse  would  saturate  the  existing  ferrite  material 
simply  due  to  the  limited  number  of  volt-seconds  in  the 
existing  material.  Likewise,  the  existing  mechanical  fabri¬ 
cation  process  for  the  BPM’s  involves  several  hand  assem¬ 
bly  steps  as  evident  in  the  difference  between  on-axis 
signals  shown  in  Figure  3.  Although  precise  for  a  hand 
assembled  component  (appx.  1%  position  error  due  to 
assembly),  greater  precision  between  ports  is  desired  in 
order  to  achieve  the  necessary  beam  position  precision  and 
to  avoid  extensive  calibration  unfolding  after  every  data 
set. 

As  part  of  the  effort,  several  other  BPM  concepts 
[4, 5, 6, 7, 8]  were  also  considered.  Although  the  test  results 
for  the  existing  beam  position  monitors  in  ETA-II  looked 
encouraging,  performance  parameters  for  the  long  pulse 
beam  test  would  saturate  the  ferrite  material  in  the  existing 
BPM’s.  Likewise,  initial  experimental  evidence  [9]  indi¬ 
cates  that  thin  films  can  survive  direct  exposure  to  2  [is 
beams  for  profile  measurements. 

3.2  Unfolding  BPM  Position  Data 

To  determine  the  position  of  the  beam  from  the  wave¬ 
forms  generated  by  the  BPM’s,  it  is  necessary  to  take  into 
account  the  calibration  of  each  port  of  the  BPM  (both  time 
and  amplitude  correction)  and  to  remove  differences 
between  the  port  responses.  The  early  time  coupling 
effect  comes  from  [9]  with  voltage  V  produced  at  a  port 

V(0,  p,  t  =  0)  =  IbK - - 5 

1  -2pcos0  +  p 

with  the  beam  at  relative  displacement  p  =  r/ra  from  the 
centerline  ( ra  =  beampipe  radius)  and  at  an  angle  0  with 
respect  to  the  port  in  question  (0°  is  directed  toward  the 
port).  K  is  a  calibration  constant  related  to  the  resistance 
of  the  foil  and  may  be  determined  using  the  on  axis  case,  p 
=  0.  The  curves  in  figure  6  illustrate  the  variations  for  t=  0; 
but  expressions  are  available  for  general  expressions  in  t. 
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Figure  6.  The  various  parameters  pf  the  received 
voltage  are  related  to  the  position  of  the  beam  cen¬ 
troid  in  the  beampipe.  Note  that  the  underlying 
equation  assumes  that  the  beam  radius  is  small  with 
respect  to  its  displacement. 


3.3  Design  Parameters  for  Long  Pulse  BPM’s 

As  a  consequence,  the  design  parameters  for  the  long 
pulse  high  precision  beam  position  monitors  were  deter¬ 
mined  to  allow  for  a  2  (is  beam  pulse  [10]  at  2  kA.  Since 
the  skin  depth  for  materials  such  as  nichrome  and  stainless 
steel  is  6  (im  at  70  MHz,  the  thickness  of  the  existing 
material  can  be  expanded.  1  mil  stainless  steel  foil,  having 
a  surface  resistivity  of  0.036Q/square,  yields  a  bulk  resis¬ 
tance,  R,  of  3.4  m£2  across  the  portion  of  the  foil  exposed 
to  the  flux  in  the  BPM 

i?  - 

off  V/Zj 

where  0S,  CTn  are  the  conductivities  for  stainless  and 
nichrome  respectively,  8S,  8n  are  the  skin  depths  (in  this 
case  the  material  thicknesses  dominate  so  8s=xs,  8n=xn), 
Vm,  Vp  were  the  voltages  during  the  coefficient  determina¬ 
tion  (0.37V  and  1  kV  respectively).  Vp  was  fed  into  the  Z0 
=  50D  transmission  line  that  drives  the  test  stand. 


4  CONCLUSIONS 

The  precision  required  as  part  of  the  operation  of  the 
kicker  and  target  systems  dictates  a  high  precision  beam 
position  monitor  with  an  accuracy  between  0.5  and  0.1 
mm.  In  the  case  of  the  kicker  system,  these  BPMs  must 
also  be  able  to  withstand  a  2  (is  long  2kA  beam  pulse.  Ini¬ 
tial  results  with  the  existing  BPMs  indicate  that  operation 
with  a  two  microsecond  beam  at  two  kiloamps  will  be  pos¬ 
sible  provided  that: 

1.  Data  is  acquired  from  each  BPM  port  separately. 
This  allows  the  calibrations  for  each  port  to  be  unfolded 
from  the  data. 

2.  Measurements  of  the  radiation  effects  on  cables  [11] 
indicate  that  several  volts  can  be  induced  onto  typical  RF 
cables  at  high  X-ray  levels.  However,  for  most  applica¬ 
tions  there  should  be  sufficient  shielding  around  the  vari¬ 
ous  incidental  X-ray  sources. 

3.  Partition  the  vertical  scale  of  the  signal  using  multi¬ 
ple  data  acquisition  systems.  This  may  be  necessary  until 


greater  dynamic  range  (more  than  8  bits)  is  available  from 
commonly  available  high  speed  acquisition  systems.  The 
trade-off  is  signal-to-noise  errors  caused  by  the  partition¬ 
ing. 

4.  Time  resolution  from  commonly  available  high  speed 
acquisition  systems  is  more  than  adequate  for  these  appli¬ 
cations.  It  is  important  to  get  sufficient  resolution  on  the 
leading  edge  of  the  pulse  such  that  the  rise  time  of  the  inte¬ 
gral  is  preserved.  Self  triggering  on  the  received  wave¬ 
form  reduces  jitter  in  the  measurement. 

5.  Signal  cables  should  be  of  sufficient  quality  to  pre¬ 
serve  the  leading  edge  of  the  pulse.  More  importantly, 
they  should  be  matched  and  low  in  dispersion  in  order  to 
avoid  problems  during  the  difference  calculations. 

6.  Although  the  range  of  currents  over  which  the  BPM 
must  operate  is  large,  the  necessary  precision  at  each  cur¬ 
rent  level  can  be  different.  Thus  the  low  current  levels 
used  in  the  calibration  process  do  not  have  to  be  single¬ 
shot  acquisitions.  The  benefits  of  laser  welded  foils,  made 
possible  by  the  move  to  1  mil  stainless,  are  expected  to 
alleviate  some  of  the  existing  error  in  the  BPMs  caused  by 
hand  welding  the  0.2  mil  nichrome  foils 
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Abstract 

An  absolute  beam-charge  measurement  of  single-bunch 
electron  beams  with  a  pulse  width  of  10  ps  and  short- 
pulsed  electron  beams  with  a  pulse  width  of  1  ns  was 
performed  by  the  beam  test  for  the  KEKB  injector  linac 
using  a  Faraday  cup.  A  wall-current  monitor  was  directly 
recalibrated  by  the  beam  test  with  an  error  of  ±2%. 

1  INTRODUCTION 

The  KEK  B-Factory  (KEKB)  [1]  is  an  asymmetric 
electron-positron  collider  comprising  3.5-GeV  positron 
and  8-GeV  electron  rings.  The  KEKB  injector  linac  [2] 
was  upgraded  in  order  to  inject  single-bunch  positron  and 
electron  beams  directly  into  the  KEKB  rings.  The  beam 
charges  are  required  to  be  0.64  nC/bunch  and  1.3 
nC/bunch  for  the  positron  and  electron  beams, 
respectively.  High-current  primary  electron  beams  (-10 
nC/bunch)  are  required  in  order  to  generate  sufficient 
positrons.  About  seventy  wall-current  monitors  (WCMs) 
have  been  newly  installed  in  order  to  reinforce  the  beam- 
charge-monitoring  system  in  the  injector  linac  for  the 
KEKB.  A  bench  calibration  for  the  WCMs  was  performed 
using  fast  test  pulses  with  a  width  of  nanoseconds,  and  the 
calibration  coefficients  were  derived  from  the  pulse-height 
response  of  the  monitor,  depending  upon  the  pulse  width 
[3],  It  is,  however,  difficult  to  directly  obtain  the 
calibration  coefficient  for  a  single-bunch  beam  with  a 
pulse  width  of  about  10  ps,  because  the  direct  generation 
of  such  extremely  fast  test  pulses  is  not  very  easy.  One 
of  the  authors  (T.  Suwada)  has  tentatively  derived 
calibration  coefficients  for  a  10-ps  pulse  width  from 
extrapolation  based  on  the  results  of  the  bench  calibration. 
It  is,  however,  not  sufficiently  accurate  to  estimate  them 
by  this  extrapolation  method,  because  the  WCM  has  a 
strong  frequency  response  and  a  beam-position  dependence 
for  shorter  pulses  [4],  A  recalibration  of  the  WCM  using  a 
Faraday  cup  (FC)  has  been  performed  using  beam  tests. 
The  purpose  of  this  report  is  to  give  the  results  of  precise 
measurements  of  the  amount  of  an  absolute  beam  charge 
for  a  single-bunch  beam  with  a  pulse  width  of  10  ps  and  a 
short-pulsed  beam  with  a  pulse  width  of  1  ns  generated 
from  the  injector  linac,  and  the  recalibration  for  the  WCM 
by  a  beam  test. 
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2  FARADAY  CUP 

A  cross-sectional  view  of  the  FC  is  shown  in  Fig.  1 . 


Secondary-Electron- 
Suppression  Electrode 


Beryllia-Porcelain 
Iron  Frame  Insulator 


Vacuum 

Window 


^  ^  Vacuum  Port 

,  HV  Signal 

|< - 3 

920  mm 

Figure  1 :  Cross-sectional  view  of  the  Faraday  cup. 


It  was  originally  designed  at  the  Laboratory  of  Nuclear 
Science  of  Tohoku  University  about  thirty  years  ago. 
Since  a  detailed  design  report  is  available  elsewhere  [5], 
here,  the  geometry  and  a  simple  discussion  about  its 
design  are  briefly  presented.  The  FC  comprises  a  vacuum 
vessel  made  of  iron,  a  lead  block,  an  iron  block  and  a 
carbon  block  with  cylindrical  symmetry.  The  FC 
dimensions  are  about  1  m  in  total  length  to  the  beam  axis 
and  about  660  mm  in  diameter;  the  total  weight  is  about 
1.8  t.  The  bottom  thickness  of  the  lead  block  is  190  mm, 
which  corresponds  to  34  radiation  lengths,  in  order  to 
perfectly  absorb  incident  electron  beams  with  an  energy  of 
less  than  300  MeV.  The  FC  can  be  separated  by  the 
vacuum  vessel  and  a  thin  vacuum  window  with  a 
thickness  of  0.01  mm  made  of  stainless  steel  (SUS304) 
from  the  beam  line.  The  window  thickness  is  required  to 
be  as  thin  as  possible  in  order  to  suppress  as  much  as 
possible  any  backscattering  and  multiplescattering  of 
incident  beams.  A  carbon  block  with  a  thickness  of  80 
mm  is  used  to  suppress  any  rapid  increase  of  an 
electromagnetic  shower  cascade  caused  by  incident  beams 
in  the  lead  block.  An  opening  hole  with  a  diameter  of 
200  mm  and  a  depth  of  600  mm  in  the  central  region 
needs  to  suppress  the  escape  of  secondary  charged  particles 
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generated  by  an  electromagnetic  shower  cascade  in  the 
carbon  block.  A  good  vacuum  condition  needs  to  be 
maintained  through  a  vacuum  port  in  order  to  suppress  the 
generation  of  ions  caused  in  the  residual  air  gas.  The  inner 
materials  are  sufficiently  insulated  to  be  larger  than  1000 
MO  by  several  beryllia  porcelains  from  the  vacuum 
vessel,  which  is  connected  to  a  ground  line.  A  negative 
electric  potential  with  several  hundred  volts  is  typically 
applied  to  an  electrode  at  the  entrance  of  the  monitor 
through  a  vacuum  feedthrough  in  order  to  suppress  the 
escape  of  directly  backscattered  charged  particles  as  much 
as  possible.  The  integrated  beam  charge  is  extracted  from  a 
signal  port,  which  is  connected  to  the  lead  block. 

3  EXPERIMENTAL  SET-UP 

Figure  2  shows  a  schematic  layout  of  the  experimental 
set-up  and  the  beam  line  at  sectors  A  and  B  of  the  injector 
linac. 


Figure  2:  Schematic  layout  of  the  experimental  set-up  and 
the  beam  line  for  the  sectors  A  and  B  at  the  injector  linac. 

Single-bunch  electron  beams  can  be  generated  by  a  new 
pre-injector  [6],  which  is  composed  of  two  sub-harmonic 
bunchers,  a  prebuncher  and  a  buncher.  The  electron  gun 
can  generate  a  beam  charge  of  about  20  nC/pulse.  The 
nominal  beam  energies  are  about  500  MeV  and  1.5  GeV 
at  the  end  of  the  sectors  A  and  B,  respectively.  A 
longitudinal  beam  profile  can  be  monitored  using  an 
optical  transition-radiation  monitor  (OTR)  with  a  streak- 
camera  system  [7]  installed  after  the  exit  of  the  module  A- 
1.  The  beam  experiments  were  carried  out  using  electron 
beams  ejected  from  a  straight  line  after  the  sector  B.  The 
FC  was  installed  2.3  m  behind  the  first  bending  magnet, 
which  guides  the  electron  beams  to  the  180-degree  arc 
section.  The  beam  energies  and  the  energy  spreads  were 
measured  after  the  bending  magnet  using  a  screen  monitor 
installed  behind.  The  vacuum  of  the  FC  was  separated 
from  the  beam  line  with  a  10  ^tm-thick  vacuum  window 
30  mm0  in  diameter  made  of  stainless  steel,  and  the 
vacuum  pressure  inside  the  FC  was  maintained  at  l.lxlO'4 
Torr  using  a  turbo-molecular  vacuum  pump.  Twenty-two 
stripline-type  beam-position  monitors  (BPMs)  and  twenty 
WCMs  measure  the  beam  positions  and  the  beam  charge 
in  order  to  control  them  stable  without  any  beam  loss, 
respectively.  Another  WCM  and  a  screen  monitor  were 
mounted  just  before  the  ,FC  in  order  to  observe  the  beam 
losses  and  the  spatial  beam  sizes,  respectively.  A  data- 


acquisition  (DAQ)  system  was  constructed  for  the  beam 
experiment.  It  comprises  several  front-end  computers  and  a 
host  computer,  which  control  the  BPMs  and  the  WCMs, 
an  electrometer  (Keithley  617)  used  for  the  FC.  All  of  the 
BPMs  and  the  WCMs  are  controlled  by  digital  sampling 
oscilloscopes  (Tektronics  TDS680B)  and  VME/OS-9- 
based  front-end  computers.  The  host  computer  and  the 
front-end  computers  communicate  with  each  other  through 
a  network  system.  Trigger-pluses  synchronized  with  the 
linac  beam  are  provided  to  all  of  the  devices  at  0.33  Hz. 
This  rate  is  limited  by  the  communication  throughput 
between  the  front-end  computer  and  each  device  through  a 
GPIB  line.  A  detailed  report  is  available  elsewhere  [8], 

4  BEAM  TEST 

4.1  Beam  experiment 

Two  kinds  of  electron  beams,  single-bunch  and  short- 
pulsed  beams  with  the  energies  of  1 .5  GeV  and  325  MeV, 
were  tuned  for  the  beam  test.  Single-bunch  beams  were 
generated  using  the  two  sub-harmonic  bunchers;  on  the 
other  hand,  short-pulsed  beams  were  accelerated  without 
them.  A  single-bunch  beam  with  the  energy  of  1 .5  GeV  is 
a  nominal-injection  beam  for  the  KERB  ring.  The  other 
beams  with  the  energy  of  325  MeV  were  generated  in 
order  to  reduce  as  much  as  possible  any  systematic  error 
for  the  beam-charge  measurement.  The  energy  spread  of 
the  325-MeV  beam  was  5.5%,  which  was  greater  than  that 
(2%)  of  the  1 ,5-GeV  beam  due  to  the  longitudinal  beam 
spread  caused  by  a  deacceleration  at  the  sector  B.  The 
bunch  length  of  the  single-bunch  beam  and  the  envelope 
width  of  the  short-pulsed  beam  were  measured  by  the  OTR 
to  be  8.64  ps  and  1  ns  in  FWHM,  respectively.  The  beam 
orbits  were  carefully  tuned  for  all  of  the  beam  modes  by 
using  the  BPMs  without  any  observational  beam  loss. 
The  spatial  beam  size  was  measured  to  be  about  6  mm  in 
diameter  in  front  of  the  FC  by  a  screen  monitor.  The 
negative  bias  voltage  applied  to  the  secondary-electron- 
suppression  electrode  was  chosen  to  be  -1  kV  by 
measuring  the  beam-charge  reduction  using  single-bunch 
beams  with  the  energy  of  1.5  GeV  by  changing  the 
applied  voltage.  Two  background  measurements  were 
carried  out  before  the  beam-charge  measurement.  The  first 
was  a  dark  current  generated  from  accelerator  structures  and 
the  second  was  a  dark  current  from  the  electron  gun.  The 
first  background  was  estimated  by  the  beam-charge 
reduction  by  disturbing  the  dark  currents  using  a  screen 
monitor  in  front  of  the  FC  with  a  “beam  off’  condition, 
which  meant  no  high  voltage  applied  to  the  electron  gun. 
The  second  background  was  obtained  by  measuring  the 
beam-charge  increment  with  a  “beam  wait”  condition, 
which  meant  no  triggers  were  fed  to  the  gun  with  a  high 
voltage  applied.  The  background  contribution  from  the 
first  one  was  negligibly  small  compared  with  the  second 
one  (0.3  nC/scan)  which  was  corrected  in  the  analysis. 
The  beam-charge  measurement  was  carried  out  by 
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changing  the  bias  voltage  applied  to  the  gun  four  times, 
which  were  172.8,  191.2,  209.6  and  228.4  V;  the 
measured  beam  charge  was  about  1  to  3  nC  for  all  of  the 
beam  modes. 

4.2  Experimental  results 

It  is  important  to  carefully  analyze  the  beam  loss  between 
the  end  of  the  module  B-8  and  the  FC,  any  generation  of 
secondary  charged  particles  (shower)  at  the  vacuum 
window,  and  the  effect  of  a  beam  halo,  because  such 
phenomena  may  produce  systematic  errors.  The  first  and 
second  phenomena  can  be  estimated  by  relating  the  ratios 
of  the  charge  measured  by  the  FC  to  that  of  the  WCM- 
R0-01 ,  and  to  that  of  the  WCM-RO-DT  depnding  upon  the 
beam  positions  obtained  by  the  BPM-R0-02  (see  Fig.2). 
The  systematic  error  analysis  is  given  elsewhere  in  detail 
[9].  Figure  3  show  the  results  after  only  a  dark-current 
correction  for  a  1.5-GeV  single-bunch  beam.  We  can  find 
beam  losses  slightly  before  the  FC  in  the  region  of  the 
horizontal  beam-position  displacement  of  less  than  zero. 
An  analysis  was  performed  after  data  reduction  due  to  the 
beam  loss  and  after  rejecting  data  larger  than  +2  O'  obtained 
from  a  Gaussian-function  fitting  procedure  for  the  charge- 
ratio  distributions  in  order  to  exclude  any  noisy  events 
caused  by  the  klystron  modulators.  Figure  4  shows  a 
linear  relation  of  the  beam  charge  of  the  WCM-R0-01  to 
that  of  the  FC  by  using  a  least-squares  fitting  procedure 
after  data  reduction.  The  slope  (a)  corresponds  to  a 
recalibration  coefficient  of  the  beam  charge  for  the  WCM- 
R0-01.  The  errors  in  the  figure  give  only  statistical  errors. 
For  the  other  beam  modes,  the  analysis  was  also 
performed  in  the  same  way  after  the  data-reduction 
procedure  while  carefully  taking  into  account  the  beam- 
loss  and  the  shower  events.  Table  1  summarizes  the 
analysis  results  for  all  of  the  beam  modes  and  the 
combined  recalibration  coefficients  for  the  single-bunch  (s- 
b)  beam,  and  for  the  short-pulsed  (s-p)  beam,  respectively. 

5  CONCLUSIONS 

An  absolute  beam-charge  measurement  for  single-bunch 
and  short-pulsed  electron  beams  was  performed  by  using  a 
Faraday  cup  at  the  KEKB  injector  linac.  A  wall-current 
monitor  was  recalibrated  according  to  the  analysis  results; 
the  recalibration  coefficients  were  obtained  to  be  1.11+ 
7x1  CT4  (,sfaf.)±2xl0'2  (syst.)  for  the  single-bunch  beam, 
and  1.04+2x1  O'3  (stat.)± 2x1  O'2  (syst.)  for  the  short-pulsed 
beam,  respectively. 
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to  the  horizontal  beam  displacement  measured  for  thel.5- 
GeV  single-bunch  electron  beam.  The  allows  and  lines 
indicate  the  data-reduction  conditions. 


1.5-GeV  Single-Bunch  Beam 


Qwm-ro-oi  (nC) 

Figure  4:  Linear  relation  of  the  beam  charge  measured  by 
the  WCM-R0-01  to  the  FC  for  the  1.5-GeV  single-bunch 
electron  beam. 


Table  1:  Results  for  the  beam  experiment,  “a”  and  “Sa” 


show  the  recalibration 
respectively. 

coefficient 

and  its  error. 

Beam  Mode 

a 

8a  ( stat.,syst .) 

1 .5-GeV  s-b  beam 

1.086 

±1x10'3±2x10‘2 

1.5-GeV  s-p  beam 

1.031 

+2xl0'3+2xl0'2 

325-MeV  s-b  beam 

1.126 

±1x10‘3±2x10'2 

325-MeV  s-p  beam 

1.061 

±3xlO‘3+2xlO'2 

Combined  s-b  beam 

1.11 

±7xl0'4+2xl0 2 

Combined  s-p  beam 

1.04 

+2xl0'3+2xl0'2 
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Abstract 

Beam  diagnostics  systems  for  the  Low  Energy 
Demonstrator  Accelerator  (LED A)  at  Los  Alamos  include 
beam  current  measurements  [1,2].  The  LED  A  machine 
operates  in  both  pulsed  and  cw  modes  with  a  peak  current 
of  100  mA.  Two  types  of  current  sensors  are  employed. 
Some  are  dc-  to  4-kHz-bandwidth  modular  parametric 
current  transformer  (MPCT)  sensors  from  Bergoz®  and 
the  others  are  10-Hz  to  200-kHz  bandwidth  custom- 
designed  transformers.  Both  ac  and  dc  sensors  are 
integrated  into  common  shielding  enclosures  on  the  beam 
line.  A  VXI  module  has  been  developed  to  interface  the 
analog  sensors  to  the  EPICS  control  system.  The  same 
VXI  module  can  be  used  for  either  type  of  sensor  and 
contains  an  on-board  calibration  system  which  provides  a 
system  absolute  accuracy  of  ±0.2  %.  The  calibration,  data 
processing,  and  general  operation  of  the  VXI  module  is 
controlled  by  two  internal  DSP  modules.  The  performance 
of  the  system  on  the  LEDA  beam  line  is  presented. 

1  INTRODUCTION 

The  beam  diagnostics  systems  for  LEDA  are  primarily 
VXI-based  instruments.  While  the  control  system  will 
soon  be  fully  implemented  under  EPICS,  we  are  presently 
operating  the  diagnostics  systems  under  Lab  VIEW®.  The 
beam  current  measurements  are  divided  into  two  types; 
“ac”  or  pulsed  beam  systems  with  a  10-Hz  to  200-kHz 
bandwidth  and  “dc”  systems  with  dc-  to  4  -kHz-bandwidth 
response.  A  single  VXI  motherboard  is  used  as  the 
backbone  for  both  of  these  measurement  types  with 
different  analog-front-end  (AFE)  electronics  used 
depending  on  the  requirements.  We  have  chosen  to  use  the 
modular  parametric  current  transformer  (MPCT)  sensors 
and  electronics  modules  from  Bergoz®  for  the  dc  systems 
and  custom  transformers  and  AFE  electronics  for  the  ac 
systems. 

2  BEAMLINE  SENSORS 

Both  ac  and  dc  sensors  are  enclosed  in  a  common 
enclosure  at  each  location  on  the  accelerator.  This 
enclosure  is  made  of  iron  to  provide  some  shielding  from 
the  various  quadrupole  magnet  fields.  A  typical  assembly 
is  shown  in  Figure  1.  Our  present  designs  nest  the  ac 
toroidal  core  inside  the  dc  sensor.  Two  sizes  of  Bergoz® 
sensors  are  used.  We  have  17.5-cm-o.d.  and  special-order 
34-cm-o.d.  units. 

The  ac  sensors  use  1-mil-thick  Supermalloy®  tape 
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Figure  1 :  A  typical  beam  current  sensor  assembly  located 
at  the  exit  of  the  RFQ.  Both  ac  and  dc  sensors  are 
contained  in  the  same  housing. 


cores  of  an  appropriate  diameter  to  fit  within  the  sensor 
housing.  Each  ac  transformer  has  a  50-turn  sense  winding 
and  two-turn  calibration  winding.  The  inductance  of  each 
sense  winding  is  approximately  50  mH. 


Both  sensors  are  supported  in  the  housing  with  felt 
material  to  help  absorb  vibrations  on  the  beamline  from 
the  vacuum  pumps. 


Figure  2:  The  VXI  motherboard  printed  circuit  shown 
with  two  ac  AFE  circuits  installed  in  the  middle  of  the 
motherboard.  The  14-bit  ADC  circuits  are  at  the  top  left, 
DAC  and  calibrator  at  the  bottom  left,  and  the  DSP 
modules  just  right  of  center.  The  VXI  interface  and  power 
supply  components  are  on  the  right. 

3  VXI  MODULE  DESIGN 

A  single  VXI  format  motherboard  was  developed  for  both 
the  ac  and  dc  measurement  systems.  A  modular  approach 
allows  for  the  replacement  or  revision  of  sub-circuits  to 
avoid  the  expense  and  time  required  in  fabricating  a  full 
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VXI  module  (see  Figs.  2  and  4).  Various  plug-on  modules 
include  the  ac  AFEs,  dc  Bergoz®  AFEs,  a  wire  scanner 
charge-integrating  AFE,  calibration  current  generator, 
dual  output  DAC  circuit,  two  DSP  modules,  and  the  VXI 
interface  circuit.  Each  motherboard  supports  two  channels 
of  beam  current  measurement.  Electronics  associated  with 
the  motherboard  include  various  gate  arrays  for 
interfacing  the  modules,  two  14-bit  ADC  channels,  timing 
generation  gate  arrays,  and  power  supply  components. 

Two  commercial  DSP  modules  (TMS320C40),  one  per 
channel,  control  the  operation  of  the  module.  Functions 
provided  by  the  DSPs  include  module  calibration,  fast- 
protect  calculation,  waveform  array  storage,  and  filtering. 
The  most  demanding  feature  of  the  DSP  is  the  fast-protect 
output,  which  is  tripped  whenever  the  differential  beam 
loss  between  to  adjacent  sensors  exceeds  a  programmable 
level.  The  VXI  motherboard  design  and  DSP  code  is 
heavily  influenced  by  this  requirement. 


Figure  3:  Block  diagram  of  the  ac/dc  VXI  module.  Each 
measurement  channel  has  a  dedicated  DSP  module  and 
DAC.  Plug-on  modules  are  controlled  via  a  local  buss. 


Most  of  the  plug-on  modules  are  connected  with  an 
eight-bit  buss  whose  purpose  is  to  allow  set-up,  and 
control  data  to  flow  between  them  and  either  the  DSP 
modules  or  the  VXI  interface.  Separate  dedicated  busses 
control  the  flow  of  the  realtime  data  streams.  A  block 
diagram  of  the  VXI  module  is  shown  in  Figure 

The  most  significant  difference  between  the 
implementation  of  the  ac  verses  the  dc  systems  is  the  size 
of  the  AFE  electronics.  The  Bergoz®  MPCT-E 
electronics  modules  are  sufficiently  large  as  to  require  a 
double-wide-module  front  panel  for  the  two-channel 
design  (see  Fig.  4).  Another  interesting  point  is  that  ADC 
sampling  rate  required  for  the  lower  4-kHz  bandwidth  of 
the  dc  system  will  leave  more  time  available  to  the  DSP 
modules  to  perform  additional  calculations  such  as 
additional  filtering  functions.  The  dc  systems  have  not 
been  fully  implemented  at  this  time,  as  the  LEDA 


accelerator  is  being  commissioned  with  pulsed  beam. 
These  dc  systems  will  be  significantly  easier  to  field  than 
the  faster  ac  systems,  however. 


Figure  4:  The  dc  beam  current  system  double-wide  VXI 
module.  Two  Bergoz®  MPCT-E  electronics  modules  are 
mounted  to  the  front  panel.  Only  the  sensor  cables  need  to 
be  attached  to  the  front  panel  connectors.  The  ac  system 
uses  a  single- wide  module  with  the  same  motherboard. 

4  OPERATIONAL  EXPERIENCE 

As  of  this  writing  we  have  just  completed  the  first  two 
weeks  of  LEDA  accelerator  commissioning.  This  time  has 
been  sufficient  to  measure  several  important  parameters  of 
both  the  diagnostic  systems  as  well  as  the  accelerator 
operation. 

As  installed,  the  ac  system  has  a  current  measurement 
range  of  ±200  mA.  In  this  configuration  the  noise  floor  of 
the  current  measurement  is  about  33  pA  with  a  200  kHz 
bandwidth.  This  is  measured  as  the  standard  deviation  of 
1000  consecutive  samples  at  1  MSPS.  The  overall 
bandwidth  of  the  three  operating  ac  systems  is  8.7  Hz  to 
200  kHz,  worst  case.  The  bandwidths  vary  slightly  as  all 
of  the  sensor  cores  are  not  of  the  same  geometry. 

Each  VXI  module  generates  a  single  calibration  pulse 
that  is  looped  between  two  adjacent  sensors.  The  stability 
of  this  source  needs  testing  over  temperature,  but  is  at 
least  much  better  than  the  ±0.2%-absolute-accuracy 
specification  of  the  diagnostic.  Our  present  laboratory 
instrumentation  measurement  limit  is  ±0.04%,  absolute. 
Each  beamline  measurement  system  is  calibrated  to  within 
±1  ADC  count,  or  ±0.02%  of  the  set  points  (gain  and 
offset).  The  system  has  demonstrated  a  stability  of  on  the 
order  of  ±2  ADC  counts  over  the  two  week  run  period,  so 
far.  It  should  be  noted  the  temperature  is  fairly  constant  in 
the  accelerator  building  this  time  of  year.  Overall,  we  are 
confident  that  the  required  ±0.2%  measurement  accuracy 
is  met. 

We  are  presently  running  the  beam  diagnostics  systems 
under  Lab  VIEW®  while  the  EPICS-based  control  system 
is  being  completed.  A  single  National  Instruments  VXIpc- 
850  controller  in  the  ac  beam  current  measurement  VXI 
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crate  handles  the  control,  display,  and  data  archiving 
functions  of  the  system  running  LabVIEW®  under 
Windows  95.  The  primary  display  is  shown  in  Figure  5 
with  typical  beam  currents  as  seen  during  one  of  the  first 
LEDA  commissioning  experiments. 


Figure  5:  The  LabVIEW  virtual  instrument  front  panel 
display  for  the  ac  beam  current  monitor  system.  The  RFQ 
input,  RFQ  output,  and  HEBT  output  current  waveforms 
are  displayed  of  the  left  and  the  RFQ  input  current,  RFQ 
transmission,  and  HEBT  transmission  charts  are  on  the 
right. 


5  CONCLUSION 

New  beam  current  diagnostics  have  been  designed  for  the 
LEDA  accelerator.  The  ac  (pulsed  beam)  system  has  been 
installed,  tested,  and  has  provided  the  required 
performance  needed  to  commission  the  accelerator.  It  is 
capable  of  measuring  ±200-mA  pulsed  currents  with  an 
absolute  accuracy  of  <±0.2%  with  a  resolution  of  about  33 
pA  (without  gain  switching)  and  a  10-Hz  to  200-kHz 
bandwidth.  Both  the  ac  and  dc  systems  utilize  DSP-based 
VXI  modules,  which  provide  high-performance  and  ease 
of  use. 
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Abstract 

Work  has  been  ongoing  at  the  NSLS  to  improve  the  orbit 
stability  of  the  X-Ray  Ring  by  accounting  for  the  thermal 
motion  of  the  vacuum  chamber,  which  supports  the 
electron  beam  position  monitors  (BPMs).  In-situ  contact 
measurements  of  the  vacuum  chamber  motion  have  been 
carried  out  using  support  stands  that  have  been  designed 
and  extensively  tested  to  reduce  errors  associated  with 
thermal  changes  in  the  stands  themselves.  Using  this 
chamber  motion  as  a  correction  to  the  orbit  motion 
measured  by  the  BPMs,  the  precise  location  of  the 
radiation  beam  can  be  predicted.  These  predictions  are 
compared  with  actual  radiation  beam  measurements  on 
the  experimental  floor,  and  with  predictions  based  solely 
on  BPM  measurements  of  the  electron  beam  position.  This 
paper  reviews  this  work  including  stand  design  and 
performance,  chamber  motion  measurements,  predictions 
based  on  these  data,  and  results. 

1  INTRODUCTION 

In  order  to  stabilize  the  electron  beam  position  in  the 
NSLS  X-Ray  Ring,  pickup  electrodes  monitor  the  beam 
position  and  are  used  in  the  feedback  system  for 
stabilization.  However,  the  temperature  of  the  vacuum 
chamber  is  a  function  of  time  due  to  radiative  heating,  and 
therefore  its  motion  is  also  a  function  of  time.  Thus,  in 
order  to  stabilize  the  motion  in  a  stationary  coordinate 
system  it  is  necessary  that  both  the  beam  motion  with 
respect  to  the  chamber,  and  the  chamber  motion  itself,  are 
monitored  and  used  in  the  feedback.  Towards  this  end  a) 
motion  of  the  vacuum  chamber  has  been  measured  and 
correlated  to  the  motion  of  the  radiation  on  the  X-Ray 
Ring  floor,  and  b)  carbon  fiber  stands  which  are 
extremely  stable  and  relatively  insensitive  to  temperature 
changes  within  the  ring  have  been  designed  and  tested. 
This  paper  summarizes  the  results  of  this  work  to  date. 

2  BEAM  MOTION 

The  motion  of  the  beam  at  the  source  point  of  the  X28 
beamline  was  measured  with  a  pinhole  camera.  The 
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beam  position  with  respect  to  the  vacuum  chamber  on  two 
BPMs  just  upstream  of  X28  (BPM  33  and  34)  and  the  first 
BPM  downstream  (BPM  35)  was  also  measured,  along 
with  the  horizontal  vacuum  chamber  motion  at  the  three 
BPM  locations.  For  measurement  of  the  vacuum 
chamber  motion,  linear  voltage  displacement  transducers 
are  mounted  on  stands  and  are  used  to  monitor  the 
horizontal  motion.  These  transducers  have  a  range  of  +/- 
0.125  inches,  and  with  our  readback  electronics  the  digital 
resolution  is  0.4  microns/count.  Each  of  the  LVDT 
devices  was  calibrated  individually  throughout  its  range  of 
motion,  with  its  cabling  and  circuitry. 

The  shift  in  the  electron  beam  orbit  at  the  X28  source 
point  can  be  predicted  given  the  measured  change  in  beam 
position  at  nearby  BPMs.  This  assumes  that  the  orbit  shift 
is  caused  by  magnetic  field  changes  elsewhere  in  the  ring. 
The  magnetic  field  changes  between  the  BPMs  and  the 
source  point  must  be  small. 

Three  BPMs  are  needed  to  accurately  predict  horizontal 
motion  at  the  source  point,  because  horizontal  orbit 
motion  can  be  caused  by  a  change  in  electron  energy  (8) 
as  well  as  in  horizontal  betatron  phase  space  (x,  x')-  A 
significant  fraction  of  the  closed  orbit  shift  over  the  course 
of  a  fill  in  the  X-Ray  Ring  is  associated  with  8  [1].  Given 
the  3x3  transfer  matrices  for  x,x'  and  8  and  the  measured 
orbit  shifts  at  the  three  BPMs,  the  orbit  motion  at  X28  can 
be  predicted. 

Through  the  course  of  a  12  hour  fill  of  the  X-Ray  Ring, 
the  horizontal  motion  of  the  vacuum  chamber  at  BPM  33, 
34  and  35  location  was  about  30,  130,  and  160  microns 
respectively.  By  comparing  the  chamber  motion  data  with 
the  BPM  data,  it  is  seen  that  the  chamber  motion  is 
reflected  in  an  apparent  motion  of  the  electron  beam  to 
varying  degrees  for  the  various  locations.  For  example,  at 
BPM  34  location,  almost  all  of  the  electron  beam  motion 
is  due  to  chamber  motion. 

In  Figure  1,  the  measured  horizontal  motion  of  the 
radiation  beam  at  the  source  point  is  compared  with 
predictions  based  solely  on  the  motion  of  the  electron 
beam,  and  also  on  the  movement  of  both  the  chamber  and 
the  electron  beam  with  respect  to  the  chamber.  The 
prediction  incorporating  the  motion  of  the  vacuum 
chamber  closely  mimics  the  actual  radiation  beam  motion. 
These  results  provide  a  strong  impetus  towards  real-time 
measurement  and  incorporation  of  the  vacuum  chamber 
motion  into  the  feedback  as  a  means  towards  a 
significantly  more  stable  beam. 
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Motion  of  Beam  at  X28  Source  Point 


Figure  1  Motion  of  the  Radiation  Beam  at  the  X28  Source 
Point  at  NSLS  X-Ray  Ring.  The  measurements,  the 
predicted  motion  based  solely  on  BPMs  33,34  and  35,  and 
the  predicted  motion  based  on  both  the  BPMs  and  the 
vacuum  chamber  motion  at  the  location  of  the  BPMs  is 
shown. 

3  TRANSDUCER  SUPPORT  STAND 

In  order  to  accurately  measure  the  chamber  motion  it  is 
imperative  that  the  stands  which  support  the  LVDT 
devices  be  extremely  stable  over  time,  and  temperature 
insensitive.  In  the  X-Ray  Ring,  support  stand  temperature 
changes  of  a  couple  of  degrees  during  a  fill  are  seen. 
When  making  measurements  on  the  micron  scale,  this  can 
translate  to  unacceptably  large  motions  due  to  thermal 
expansion  of  the  LVDT  support  stand.  Initially,  to  null 
motion  associated  with  thermal  changes,  stands  of 
alternating  aluminum  and  steel  telescoped  sections  were 
built  and  tested.  Aluminum  and  steel  expansion 
coefficients  are  approximately  24.  and  18.  e6  inch/inch 
°C,  respectively.  The  relative  proportion  of  each  material 
was  chosen  for  zero  net  thermal  expansion.  Though  this 
strategy  worked  for  equilibrium  states  and  very  slow 
temperature  changes,  it  was  inadequate  during  more  rapid 
temperature  changes.  Subsequent  to  this,  stands 
comprised  entirely  of  carbon  fiber  tubing  with  a  very  low 
thermal  expansion  were  fabricated  and  tested.  In  order  to 
measure  the  carbon  fiber  expansion  coefficient,  a 
reference  invar  tube  (thermal  expansion  =  le'6  inch/inch 
°C)  and  the  carbon  tube  to  be  measured  were  both 
mounted  horizontally  on  a  vertical  steel  tube,  which  was 
secured  to  the  floor.  The  carbon  tubing  held  the  LVDT 
device,  and  measured  horizontal  motion  with  respect  to  a 
flat  on  the  invar  tubing.  With  this  setup,  floor  or  steel 


motions  do  not  affect  the  relative  motion  of  the  invar  and 
the  carbon  tubes.  These  measurements  yield  a  carbon 
fiber  thermal  expansion  coefficient  value  of 
approximately  l.e'6  inch/inch  °C.  This  coefficient  is 
sufficiently  small  that  errors  associated  with  thermal 
motion  in  the  ring  will  be  on  the  order  of  a  couple  of 
microns. 

The  support  stand  reported  on  here  consists  of  a  vertical 
member  approximately  60”  high,  with  a  3.25  inch  outer 
diameter  and  0.25”  wall  thickness.  A  horizontal  member 
(clamped  to  the  vertical  tubing  at  ==  55”  off  the  floor)  is 
approximately  25”  long,  with  a  1.50  inch  outer  diameter 
and  0.25”  wall  thickness.  At  the  end  of  the  horizontal  arm 
is  a  graphite  piece  which  can  hold  two  LVDT  devices,  one 
held  in  the  vertical  orientation  for  vertical  motion 
measurements,  and  the  other  held  in  the  horizontal 
orientation  for  horizontal  motion  measurements.  The 
relative  positions  of  these  LVDT’s  are  matched  to  the 
vacuum  chamber  dimensions  of  the  X-Ray  Ring  at  the 
NSLS.  Two  carbon  stands  were  fabricated  for  testing.  In 
order  to  measure  their  behavior  as  a  function  of 
temperature  and  time,  motion  with  respect  to  a  4  inch 
diameter  invar  tube  with  machined  flats  was  recorded. 
The  stands  were  positioned  on  opposite  sides  of  the  invar 
tube,  and  bolted  to  a  granite  table.  Measurements  of  the 
stand  motions  and  air,  stand  and  granite  temperature  were 
recorded  during  the  room  temperature  changes  resulting 
from  the  disabling  of  the  heating  and  air  conditioning 
controls.  Air  temperature  changes  of  up  to  seven  degrees 
were  measured. 

The  results  obtained  by  the  aforementioned  tests  were 
complicated  by  the  fact  that  the  granite  itself  has  a  quite 
large  thermal  expansion  coefficient,  approximately  ten 
times  that  of  the  carbon  tubing.  Thus,  the  behavior  of  the 
stands  was  largely  a  function  of  the  granite  temperature 
changes.  This  can  be  seen  in  Figure  2,  where  data  taken 
over  6.5  days  is  compared  with  data  taken  over  1 1  days. 
The  range  in  the  horizontal  and  vertical  stand  motion 
roughly  doubled,  as  the  range  of  the  granite  temperature 
changed  by  85%  and  the  range  of  the  air  temperature 
changed  by  16%.  Thus,  since  the  dependence  on 
temperature  should  be  linear,  it  appears  that  the  behavior 
of  the  stands  is  dominated  by  the  granite  support  to  which 
the  stands  are  bolted.  A  function  to  predict  the  stand 
motion  was  contrived,  which  assumes  linear  motion 
associated  with  temperature  changes  in  the  stand  and  the 
graphite  separately,  and  assumes  a  fixed  ratio  between  the 
thermal  expansion  coefficients.  With  this,  the  predicted 
behavior  in  the  horizontal  plane  is  within  10  microns  of 
the  actual  behavior,  which  goes  through  a  70  micron  range 
of  motion  during  the  7°  air  temperature  change.  This 
agreement  is  quite  good,  given  that  the  behavior  of  the 
materials  is  actually  quite  complex  due  to  temperature 
gradients  within  the  granite  slab. 
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Stand  A  vs  Stand  B  Motion 


Figure  2  The  horizontal  and  vertical  motion  recorded  by 
one  carbon  fiber  test  stand  compared  with  another  carbon 
test  stand.  The  upper  data  is  the  horizontal  motion,  and 
the  lower  data  is  the  vertical  motion.  The  lighter  grey  data 
was  collected  over  an  1 1  day  period,  during  which  there 
was  a  7°  air  temperature  change,  and  a  4.8°  temperature 
change  in  the  granite.  The  darker  data  points  represent  6.5 
days  of  data,  with  a  5.6°  air  temperature  change  and  a  2.8° 
temperature  change  in  the  granite. 

Because  of  this  large  temperature  effect  associated  with 
the  granite  table,  the  behavior  of  the  two  test  stand 
motions  were  compared  to  each  other  to  measure  the 
stability  of  the  stands  as  a  function  of  temperature  and 
time.  Any  undesirable  behavior  in  the  stability  of  the 
stands  should  not  be  simultaneously  seen  in  both  of  the 
two  tested  stands.  As  can  be  seen  in  Figure  2,  over  the 
course  of  an  11  day  period,  the  two  stands  tracked  each 
other  in  both  the  horizontal  and  the  vertical  directions 
within  +/-  5  microns.  This  level  of  stability  over  such  a 
long  term  (11  days)  is  excellent.  Actually,  the  relevant 
time  scale  for  actual  use  of  these  stands  is  the  twelve  hour 
fill  period  of  the  X-Ray  Ring.  Over  this  time,  the  stands 
track  each  other  to  within  a  couple  of  microns.  Given 
these  test  results,  current  plans  are  to  re-measure  both 
vertical  and  horizontal  ring  movements  at  several 
locations  with  these  improved  stands,  and  test 
incorporation  of  this  data  into  the  feedback  system  during 
study  periods  at  NSLS. 


4  SUMMARY 

In  summary,  measurements  have  been  performed  which 
indicate  that  significant  improvement  in  the  radiation 
beam  stability  can  be  expected  when  the  motion  of  the 
vacuum  chamber  is  accounted  for.  This  is  seen  through 
comparison  of  beam  motion  predictions  based  on  strictly 
BPM  measurements,  and  on  BPM  and  vacuum  chamber 
motion  measurements.  Thus,  very  accurate  chamber 
motion  measurements  are  required.  Stable  support  stands 
have  been  built  and  tested,  with  long  term  stability  results 
on  the  order  of  several  microns.  Presently,  measurement 
of  the  chamber  motion  with  these  improved  stands,  and 
utilization  of  the  data  in  the  orbit  feedback  system  is  being 
implemented  in  certain  areas  within  the  X-Ray  Ring  at 
NSLS. 
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Abstract 

The  RHIC  Beam  Loss  Monitor  (BLM)  System  is  designed 
to  prevent  beam  loss  quenching  of  the  superconducting 
magnets,  and  acquire  loss  data.  Four  hundred  ion 
chambers  are  located  around  the  rings  to  detect  losses. 
The  required  8-decade  range  in  signal  current  is 
compressed  using  an  RC  pre-  integrator  ahead  of  a  low 
current  amplifier.  A  beam  abort  may  be  triggered  if  fast 
or  slow  losses  exceed  programmable  threshold  levels.  A 
micro-controller  based  VME  module  sets  references  and 
gains  and  reads  trip  status  for  up  to  64  channels.  Results 
obtained  with  the  detectors  in  the  RHIC  Sextant  Test  and 
the  prototype  electronics  in  the  AGS-to-RHIC  (AtR) 
transfer  line  are  presented  along  with  the  present  status  of 
the  system. 

1  THE  DETECTORS  AND  ELECTRONICS 

It  has  been  estimated  that  the  RHIC  superconducting 
magnets  will  quench  for  a  fast  (single  turn)  loss  >  2  mJ/g 
or  a  slow  (100  msec)  loss  >  8  mW/g.  These  correspond  to 
a  signal  current  range  from  5.5  mA  for  fast  loss  at 
injection,  and  17.6  nA  for  a  slow  loss  at  full  energy. 
Allowing  for  studies,  a  dynamic  range  of  8  decades  in 
detector  current  is  required.  The  processed  BLM  signal  is 
digitized  at  720  Hz  and  continually  compared  to 
programmable  fast  and  slow  loss  abort  levels.  An  abort 
halts  data  acquisition  providing  a  10  second  loss  history. 
BLM  parameters  may  be  adjusted  to  set  gains,  fast  and 
slow  loss  thresholds  and  abort  mask  bits  on  specific  RHIC 
Event  Codes. 

The  RHIC  Ring  BLM  system  uses  400  FNAL  Tevatron 
type  ion  chambers  [1]  modified  by  using  an  isolated  BNC 
to  break  the  ground  loop  formed  by  the  signal  and  HV 
cable  shields.  Rexolite  rather  than  PTFE  is  used  for  the 
insulators  in  the  BNC  and  SHV  connectors  to  improve  the 
radiation  hardness.  The  ion  chamber[2]  consists  of  a  113 
cc  glass  bulb  filled  with  argon  to  about  725  milli-Torr. 
Each  chamber  is  calibrated  using  a  cesium- 137  source. 
The  mean  sensitivity  in  the  middle  of  the  plateau  (1450 
Volts)  is  19.6  pA/rad/h,  with  95%  within  ±1.5  pA/rad/hr 
of  the  mean.  The  high  voltage  is  normally  set  to  1450  V 
with  a  3000  V  upper  limit.  Half  of  the  ion  chambers  (198) 
are  mounted  on  the  quadrupole  cryostats  between  the 
Rings  using  stainless  steel  “belly  bands”.  Ninety-six 
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BLMs  are  placed  at  insertion  region  quads.  In  the  warm 
regions,  68  detectors  are  mounted  on  the  beam  pipe  at 
sensitive  loss  points.  In  addition,  38  BLMs  are  available 
as  re-locatable  monitors. 

Belden  9054,  a  low  noise,  non-tribo-electric  RG-59 
equivalent  cable  was  used  for  signal  transmission.  The  HV 
bias  voltage  is  carried  on  red  RG-59  cable  which  is 
daisy-chained  from  detector  to  detector.  Two  HV  cables 
are  used  in  each  sector,  picking  up  alternate  BLMs  to 
provide  some  redundancy  in  the  event  of  a  high  voltage 
short.  An  RC  network  built  into  each  ion  chamber 
housing  provides  decoupling  in  the  case  of  a  short,  noise 
filtering,  and  storage  capability  to  handle  large  fast  losses. 

The  analog  electronics  are  packaged  in  VME  modules, 
each  of  which  interfaces  to  8  BLMs.  Up  to  8  analog 
boards  are  managed  by  a  micro-controller  module  which 
is  independent  of  the  crate  front-end  computer  (FEC)  once 
the  event-driven  write  list  values  have  been  set  through 
high  level  code.  This  insulates  the  real-time  operations 
from  the  control  system  I/O,  allowing  the  BLM  system  to 
operate  during  an  FEC  link  failure.  Commercial  digital 
I/O  and  DAC  modules  control  the  HV  power  supplies. 
The  electronics  are  located  in  service  buildings  at 
2,4,5,7,8,10  and  12  o’clock,  allowing  access  during  beam 
storage.  Standard  VME  crates  were  modified  for  the 
special  needs  of  the  BLM  electronics.  Tests  indicated  that 
the  standard  ±12  Volt  switcher  power  supplies  were  too 
noisy  for  the  high  sensitivity  analog  circuitry.  On-board 
DC-DC  converters  were  not  used  due  to  limited  real  estate 
and  the  possibility  of  oscillator  noise.  It  was  decided  to 
incorporate  a  separate  linear  ±15  Volts  supply  into  the 
crate  to  power  the  analog  modules.  A  piggy-back  board 
across  the  last  nine  P2  connectors  provides  a  dedicated 
bus  between  the  micro-controller  module  and  the  8  analog 
modules. 

1.1  The  Analog  Module 

Figure  1  shows  a  simplified  schematic  of  one  channel  of 
the  Analog  Module.  The  input  JRC  filter  matches  the 
magnet  thermal  time  constant  and  integrates  any  fast  loss, 
greatly  reducing  the  dynamic  range  required,  while 
providing  a  sufficient  signal  to  protect  against  a  fast  loss 
quench.  Back-biased  matched  low  leakage  diodes 
(DP AD-5)  protect  the  amplifier  input  from  high  voltage 
spikes.  The  OPA627AU  low  current  amplifier  is  rolled 
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off  to  a  10  (tsec  rise  time.  To  allow  for  BLM  shielding 
differences,  jumpers  can  set  three  alternate  gains.  _ 
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Figure  1.  Schematic  of  a  typical  channel  of  the  BLM 
Analog  Module. 

A  second  amplifier  provides  programmable  gains  of  1  or 
10  in  the  signal  acquisition  path.  The  data  is  read  at  720 
Hz  by  a  RHIC  VME  MADC  [3]  configured  for  ±  10  V, 
13-bits,  and  stored  in  a  2  Mbyte  on-board  memory.  An 
optional  off-board  360  Hz  anti-aliasing  filter  is  available. 
Readings  can  be  taken  at  additional  times  as  required  for 
specific  applications.  For  the  nominal  jumper  setting  and  a 
buffer  gain  of  10,  one  LSB  represents  12.5  pA, 
comparable  to  the  noise  observed  in  beam  tests.  Offsets, 
typically  a  few  LSBs  at  unity  viewing  gain,  are  not 
adjustable  since  these  can  be  removed  in  the  higher  level 
processing. 

The  first  stage  output  also  goes  to  an  AD734  analog 
multiplier  which  provides  gain  to  compensate  for  the 
increased  magnet  quench  sensitivity  with  current.  An  8-bit 
DAC  sets  the  gain  for  all  multipliers  on  a  board.  A  high 
pass  (100  |isec)  and  low-pass  (20  msec)  filter  direct  the 
signal  to  respective  fast  or  slow  loss  comparators  with 
independent  programmable  references.  The  gain  provided 
by  the  multiplier  cuts  the  dynamic  range  so  8-bit  reference 
DACs  are  sufficient.  Each  comparator  may  be  masked  to 
prevent  a  bad  BLM  from  inhibiting  the  beam  or  to  allow 
special  conditions.  The  gains,  mask  bits  and  trip  levels 
may  be  changed  by  events  on  the  RHIC  Event  Link.  Any 
trip  latches  the  state  allowing  the  trip  location  to  be 
determined.  An  Altera  7128  chip  is  programmed  to 
perform  all  logic  and  communication  functions  with  the 
BLM  Micro-controller  module  via  the  dedicated  bus  on 
the  VME  P2  backplane. 

1.2  The  Micro-Controller  Module 

The  RHIC  Control  System  communicates  with 
the  Analog  Modules  via  the  BLM  Micro-Controller  [4]. 


Once  the  Micro-Controller  receives  the  Write-list 
containing  the  array  of  set-points  (gains,  thresholds, 
masks,  etc.)  it  completely  controls  the  Analog  Module, 
freeing  the  FEC  for  other  controls  tasks  and  allowing  the 
BLM  system  to  operate  even  in  the  event  of  a  controls 
failure.  A  Microchip  PIC16C64  micro-controller  services 
the  256  byte  registers  on  the  BLM  Analog  modules.  A  64k 
x  16  bit  memory  holds  the  Write-lists  for  256  RHIC  Event 
codes,  each  associated  with  up  to  255  address/data  values. 
On  detection  of  a  specific  Event,  the  corresponding 
Write-list  is  sequentially  executed  with  the  data  going  to  a 
particular  register.  Altera  9320  and  7128  gate  arrays  are 
used  on  the  board. 

2  BLM  TEST  RESULTS 

Figure  2  shows  the  responses  of  the  circuitry  to  8  bunches 
of  2xl012  protons  each,  extracted  at  30  Hz  rate.  The  top 
trace  is  the  analog  output  showing  the  signal  rising  rapidly 
due  to  the  loss  from  each  bunch  transfer.  It  then  decays 
with  the  100  msec  front-end  filter  time  constant.  The 
middle  trace  is  the  slow  loss  filter  output  clearly  showing 
rejection  of  the  fast  losses.  The  bottom  trace  is  the 
comparator  output  for  a  2  Volt  reference. 


Figure  2.  Losses  from  eight  bunch  2  x  1012  protons/bunch 
transfer,  Slow  Filter  and  Comparator  outputs 

The  top  trace  of  Figure  3  is  another  cycle  of  8  extracted 
proton  bunches.  The  middle  trace  is  the  fast  loss  filter 
output,  showing  only  the  fast  component  of  the  signal.  The 


Figure  3.  Losses  from  eight  bunch  2  x  1012  protons/bunch 
transfer,  Fast  Filter  and  Comparator  outputs 
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bunches  did  not  have  equal  losses  so  the  comparator  did 
not  trip  for  every  transfer.  It  is  clear  that  the  circuit  has  the 
ability  to  discriminate  between  fast  and  slow  losses. 

In  January  1997  single  bunches  of  an  Au479  beam  were 
injected  into  RHIC  Sectors  4  and  5  of  one  ring  of 
superconducting  magnets.  In  this  sextant  BLMs  were  on 
the  inside  of  the  Ring  carrying  the  beam.  Since  sufficient 
Ring  electronics  were  not  yet  available,  and  the  beam  was 
single  pass,  AtR  loss  monitor  electronics  (low-leakage 
integrators)  were  used.  For  normal  injection  conditions  the 
loss  signals  were  easily  observed  even  though  the  intensity 
of  1x10s  Au+79  ions  was  an  order  of  magnitude  below  the 
design  value.  A  large  loss  was  purposely  created  at  S=600 
meters.  The  data  with  the  background  loss  signal 
subtracted  is  shown  in  Figure  4.  With  the  BLMs  located 
at  the  quads  (about  15  meter  interval)  it  can  be  seen  from 
the  data  that  there  is  sufficient  spatial  resolution  and 
dynamic  range  to  determine  the  direction  of  the  beam 
causing  the  loss.  The  observed  integrator  noise  was  of  the 
order  of  a  few  LSBs,  consistent  with  results  in  the  AtR 
line.  Noise  due  to  the  injection  kickers  and  RF  was  not 
noticeably  greater. 


Distance  along  RHIC  Ring  [meters] 


Figure  4.  Beam  loss  along  RHIC  Sectors  5  and  4  due  to 
test  loss  at  600  meters  for  1x10s  Au+79  ions,  with  the 
background  loss  signal  subtracted 

The  data  shown  in  Figure  4  covers  a  4  decade  range  and 
was  taken  without  switching  gain.  In  other  runs  larger 
losses  were  purposely  generated,  requiring  lowering  the 
integrator  gain.  These  results,  and  the  low  observed  noise, 
indicted  that  the  BLM  system  will  have  sufficient  range  to 
meet  the  design  requirements. 

3  SYSTEM  STATUS 

All  eleven  BLM  VME  crates  have  been  installed  in  the 
service  buildings  around  the  RHIC  tunnel.  The  crates  were 
accessed  through  the  RHIC  Control  System  to  calibrate 
the  electronics.  The  calibration  consisted  of  injecting 
signals  from  a  precision  current  source  at  several  different 
currents  into  each  channel.  The  offset  and  gain  data  were 


then  entered  in  the  system  database.  Cabling  has  been 
installed,  terminated  and  tested.  The  system  is  ready  for 
first  beam  to  be  circulated  in  RHIC. 
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Abstract 

The  Spallation  Neutron  Source  (SNS)  will  be  constructed 
by  a  multi-laboratory  collaboration  with  BNL  responsible 
for  the  transfer  lines  and  ring.  [1]  The  1  MW  beam  power 
necessitates  careful  monitoring  to  minimize  un-controlled 
loss.  This  high  beam  power  will  influence  the  design  of 
the  monitors  in  the  high  energy  beam  transport  line 
(HEBT)  from  linac  to  ring,  in  the  ring,  and  in  the  ring-to- 
target  transfer  line  (RTBT).  The  ring  instrumentation  must 
cover  a  3-decade  range  of  beam  intensity  during 
accumulation.  Beam  loss  monitoring  will  be  especially 
critical  since  un-controlled  beam  loss  must  be  kept  below 
lCf.  A  Beam-In-Gap  (BIG)  monitor  is  being  designed  to 
assure  out-of-bucket  beam  will  not  be  lost  in  the  ring. 

1  THE  SNS  PROJECT 

The  SNS  will  be  designed  and  built  by  a  collaboration  of 
ANL,  BNL,  LBL,  LANL  and  ORNL  for  installation  at 
ORNL  in  2005.  The  design  consists  of  a  1  GeV  H-minus 
linac  injecting  into  an  accumulator  ring  at  60  Hz  for  an 
average  power  of  1  MW.  Much  of  the  design  allows 
simple  upgrade  to  a  2  MW  beam.  The  H-minus  beam 
from  the  linac  will  be  transported  via  the  HEBT  line  to  the 
220  m  circumference  ring  where  it  will  be  stripped  to 
protons.  The  injected  beam  will  be  accumulated  over  1 
msec  with  the  RF  system  maintaining  a  compact  bunch. 
At  the  end  of  the  injection  pulse  the  single  half¬ 
microsecond  bunch  of  lxlO14  protons  will  be  extracted  and 
transported  down  the  RTBT  line  to  a  neutron  conversion 
target. 

2  BEAM  LOSS  MONITORS 

Because  of  the  very  high  average  beam  power, 
uncontrolled  losses  must  be  kept  very  low  to  allow 
machine  maintenance.  Controlled  losses,  such  as  from  H- 
minus  stripping  and  other  expected  sources  will  be 
intercepted  on  collimators  designed  to  contain  the 
resulting  radiation.  All  other  losses  will  result  in 
component  activation.  The  Beam  Loss  Monitor  (BLM) 
system  is  designed  to  detect  an  uncontrolled  loss  of  1  x 
1010  protons  per  pulse  (1  part  in  104  at  1  MW)  over  the  full 
ring  and  provide  a  signal  to  inhibit  further  injection.  Ion 
chambers  will  provide  the  interlock  function  and  the  basic, 
multi-turn  loss  data.  Eight  scintillator-photo-multipliers 
"This  work  supported  by  the  US  Department  of  Energy 
*  Witkover@bnl.gov 


(SPM)  will  serve  as  fast  beam  loss  monitors  (FBLM) 
observing  the  losses  within  the  bunch.  These  will  be 
located  in  the  injection  and  extraction  areas  and  at  high 
dispersion  points.  Ion  chambers  will  be  located  at  each 
quadrupole,  at  the  collimators,  and  at  key  injection  and 
extraction  loss  points.  Several  relocatable  units  may  be 
placed  local  at  hot-spots,  for  a  total  of  80  channels.  The 
detectors  will  be  mounted  close  to  the  beam  pipe. 

Tevatron  type  ion  chambers  [2]  as  modified  for  RHIC  [3] 
will  be  used.  The  modifications  included  eliminating 
Teflon®  in  the  connectors  and  using  isolated  BNCs  to 
break  ground  loops  of  the  cable  shields  through  the  BLM 
aluminum  outer  case.  These  BLMs  are  low  cost  and 
reliable,  and  have  good  reproducibility  and  long  term 
stability  and  low  maintainence.  Nominal  sensitivity  is  70 
nC/rad.  Since  the  beam  cycle  is  so  short  most  of  the  signal 
will  come  from  the  electrons,  cutting  the  sensitivity  in 
half.  The  104  loss  limit  can  occur  in  a  single  turn  or 
slowly  over  the  entire  cycle  resulting  in  a  103  range  in 
signal  current.  A  similar  problem  in  RHIC  was  solved  by 
using  a  front-end  capacitor  to  pre-integrate  the  potential 
current  spike.  Signals  from  the  48  BLMs  at  the  quads  will 
be  summed  to  monitor  the  10"*  total  Ring  loss  requirement. 
Individual  ADCs  will  acquire  each  BLM  signal  at  the 
revolution  rate.  Several  seconds  of  data  will  be  stored 
locally  and  be  available  for  replay  in  the  event  of  a  Beam 
Inhibit. 

The  FBLMs  consist  of  photomultipliers  immersed  in 
liquid  scintillator  to  reduce  radiation  darkening.[4]  Unit- 
to-unit  variation  and  radiation  effects  on  the  scintillator 
and  window  of  the  tube  will  require  periodic  re-calibration 
and  individual  HV  power  supplies.  The  signals  will  be 
integrated  over  the  bunch  length  and  read  through  digitizer 
channels  clocked  at  the  revolution  frequency.  In  addition 
units  may  be  selected  through  a  wideband  multiplexer  to 
be  read  into  a  multi-channel  fast  digitizer  (1  GSa/s)  to 
observe  losses  within  the  bunch. 

3  BEAM  CURRENT  MONITORS 

The  circulating  current  in  the  ring  will  be  monitored  using 
a  Beam  Current  Transformer  (BCM)  designed  to  handle 
the  2  x  1014  protons  which  will  be  required  for  a  2  MW 
beam.  In  this  case  the  peak  current  can  reach  100  A  so 
care  must  be  taken  to  prevent  saturation  of  the  transformer 
core.  The  signal  droop  is  must  be  less  than  0.1%  during 
the  1  msec  accumulation  period,  requiring  a  decay  time 
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constant  of  about  1  second.  The  rise  time  is  specified  at  50 
nsec.  A  Supermalloy  tape  wound  core  with  9.5-inch  ID, 
3”  width  and  14”  OD,  will  be  used  to  fit  over  the  8-inch 
beam  pipe.  Tests  on  a  similar,  smaller  core,  indicate  that  a 
resistor-damped  winding  of  100  turns  with  a  1  Ohm  load 
will  meet  these  specification  with  acceptable  ringing.  The 
transformer  signal  will  be  processed  by  a  switchable  gain 
amplifier  followed  by  a  gated  integrator.  The  output  will 
be  proportional  to  the  charge  in  the  ring  on  each 
revolution.  This  will  be  sampled  and  held  for  acquisition 
at  the  revolution  frequency  by  an  ADC.  A  second  current 
transformer  optimized  for  high  frequency  response  will 
monitor  the  bunch  current.  Transformers  are 
commercially  available  which  will  provide  nano-second 
rise  time  with  low  droop  over  the  550  nsec  bunch  length, 
and  will  tolerate  the  high  peak  current.  [5]  The  fast 
transformer  signal  will  be  processed  by  a  gain  switching 
amplifier  and  acquired  by  a  dedicated  channel  of  a  very 
fast  ADC  (1  GSa/s). 

4  BEAM  IN  GAP  (BIG)  MONITOR 

Any  beam  present  in  the  gap  (out  of  the  RF  bucket)  will 
be  driven  across  the  extraction  magnet  at  the  end  of  the 
cycle,  representing  a  potentially  large  loss.  This  beam  may 
have  been  a  residual  of  poor  chopping,  or  due  to 
longitudinal  dynamics  in  the  Linac  or  Ring.  Observing 
beam  next  to  a  4  order-larger  bunch  is  very  difficult.  It  is 
unlikely  that  a  BCM  will  be  able  to  do  this  although  the 
possibility  of  making  a  coarse  measurement  is  being 
studied.  This  would  utilize  a  transformer  similar  to  the 
ring  BCM  but  with  overshoot  <0.1%  after  100  nsec. 
Compromise  of  rise  time  and  droop  would  be  required  to 
meet  this  specification. 

A  second  approach  would  measure  the  gap  beam  and  also 
clean  the  gap,  which  would  be  important  in  meeting  the 
loss  specification.  The  gap  beam  would  be  kicked  into  a 
collimator  where  it  would  be  observed  with  a  gated 
FBLM.  The  rise  time  of  the  kicker  must  be  much  less  than 
the  290  nsec  gap  width  so  a  full  aperture  kicker  is  not 
practical.  However,  by  resonantly  kicking  at  the  vertical 
betatron  tune  over  many  revolutions  a  much  smaller  kick 
is  required.  The  hardware  might  be  similar  to  that  of  the 
RHIC  Damper  [6]  which  uses  commercially  available 
MOSFET  banks  to  supply  5  kV,  120  A,  10  nsec  rise  and 
fall  pulses  to  a  transmission  line  kicker.  Burst  frequency 
is  greater  than  1  MHz,  permitting  tum-by-tum  kicking. 
Power  dissipation  limits  the  kicks  to  about  100  per  msec  at 
60  Hz.  The  5m  straight  section  downstream  of  the 
extraction  Lambertson  magnet  is  available  for  the  BIG 
kickers.  For  a  5m  kicker  and  the  above  pulser,  each  kick 
gives  about  a  half  milliradian  deflection,  so  the  beam 
would  hit  the  collimator  in  about  25  turns,  fast  enough  at 
normal  tune  spread  and  machine  chromaticity  conditions. 


5  BEAM  POSITION  MONITORS 

Design  goals  for  beam  position  monitor  (BPM)  system  are 
shown  in  Table  1. 


Table  1.  BPM  Design  Goals 


Parameter 

Value 

Lowest  intensity 

5x10'°  protons 

Highest  intensity 

2xl014  protons 

Range  of  measurement 

±20  mm 

Accuracy 

±1  mm 

Stability  of  filtered  orbit  -  long 
term 

±1  mm 

Stability  of  filtered  orbit  - 
short  term 

±0.15  mm 

Resolution  of  filtered  orbit 

0.15  mm  rms 

Period  of  filtered  orbit 

100  turns 

Resolution  of  turn  by  turn 
position  -  low  intensity 

1  mm  rms 

Depth  of  turn  by  turn  buffer 

>50  turns 

For  robust  operation  with  the  changing  bunch  shape, 
measurements  should  rely  on  signals  at  the  fundamental 
and  the  lowest  harmonics  of  the  revolution  frequency.  The 
402.5  MHz  linac  microstructure  will  be  present  only  on 
the  most  recently  injected  bunches.  Additional  receivers 
could  be  added  to  a  few  channels  to  observe  the  injected 
beam  in  the  presence  of  circulating  charge,  allowing 
parameters  such  as  the  space  charge  tune  shift  to  be 
measured.  A  dual  plane,  shorted  stripline  electrode  will  be 
located  at  each  of  the  48  quadrupoles.  The  typical  aperture 
at  these  locations  is  200  mm.  With  a  250  mm  length,  the 
striplines  will  provide  a  signal  that  is  sufficient  at  low 
intensity,  yet  not  excessive  at  high  intensity.  They  will 
also  provide  reasonable  coupling  to  the  402.5  MHz  linac 
bunching  frequency  and  its  next  harmonic.  Since  the  main 
quads  trim  windings  are  powered  in  families,  beam  based 
alignment  is  not  practical,  so  the  required  position 
accuracy  will  be  obtained  by  an  initial  calibration  of  the 
electrode  alignment  and  on-line  calibration  for  the 
electronics.  The  initial  calibration  could  utilize  the 
surveyed  antenna  technique  developed  for  RHIC  [7]  while 
the  online  calibration  could  utilize  signal  injection  into  the 
orthogonal  plane. 

The  signals  from  the  electrodes  will  be  carried  on  coaxial 
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cables  to  centrally  located  electronics.  Low  frequency 
noise  will  be  rejected  by  high-pass  filters  with  a  comer 
frequency  of  a  few  hundred  kHz.  For  measurement  of  the 
circulating  beam,  the  passband  of  the  electronics  will 
extend  to  a  few  MHz  and  the  signal  will  be  digitized  with 
at  least  12  bit  resolution  well  above  the  NyQuist 
frequency.  The  common  mode  dynamic  range  of  over  60 
dB  will  be  handled  by  log  amplifiers  or  by  programmable 
gain  amplifiers.  Preliminary  analysis  has  shown  that  this 
simple  approach  can  meet  the  design  goals.  With  a  design 
that  places  high-speed  digitizers  early  in  the  signal 
processing  chain,  the  resulting  data  rates  will  be  a 
concern.  If  the  digitizer  system  contained  onboard  digital 
filtering,  the  data  rate  across  VME  could  be  significantly 
reduced.  Turn  by  turn  data  would  be  delivered  at  a 
sustained  rate  of  about  145  kbytes/s/digitizer  and  averaged 
orbit  data  would  be  delivered  at  1.4  kbytes/s/digitizer.  The 
local  Controls  processor  will  calculate  position  and  apply 
corrections  before  delivering  data  to  the  console  level 
applications. 

6  DAMPER/TUNE  MONITOR 

While  specific  requirements  for  a  damper  have  not  been 
established,  a  2  m  section  of  beam  pipe  has  been  reserved 
for  a  tune  meter/damper.  A  system  similar  to  that  in  the 
AGS  [8]  will  be  installed.  Signals  from  the  BPMs  will  be 
used.  The  average  orbit  at  the  kicker  will  be  subtracted  to 
determine  the  bunch  error  and  the  required  kick  amplitude 
obtained  from  a  look-up-table.  The  kick  is  delayed  using 
a  FIFO  and  applied  to  the  bunch  on  a  later  turn.  The 
digital  acquisition  and  processing  electronics  for  each 
beam  position  monitor  has  sufficient  memory  to  store  the 
position  for  the  entire  cycle.  A  spectral  analysis  of  this 
data  will  be  used  to  find  the  integer  and  fractional  tune. 

7  BEAM  PROFILE  MONITOR 

The  high  beam  current  density  in  the  ring  makes  the  use  of 
an  ionization  profile  monitor  (IPM)  very  attractive.  An 
IPM  measures  the  spatial  distribution  of  ions  or  electrons 
freed  by  ionizing  collisions  of  the  beam  with  residual  gas 
in  the  vacuum  chamber.  Similar  devices  in  the  past  have 
collected  ions  but  have  suffered  from  space  charge 
defocusing  by  high  intensity  beams.  This  problem  can  be 
reduced  by  collecting  the  electrons  and  embedding  the 
device  in  a  stabilizing  magnetic  field.  The  electrons  will 
be  swept  from  the  beam  pipe  by  a  transverse  electric  field, 
amplified  by  an  8x10cm  microchannel  plate  (MCP),  and 
collected  by  a  circuit  board  with  strip  anodes  oriented 
parallel  to  the  beam  axis.  A  magnetic  field,  parallel  to  the 
sweep  electric  field,  counters  the  defocusing  effects  of 
space  charge  and  recoil  momentum.  For  the  2  MW  beam 
the  maximum  space-charge  field  will  be  about  10s  V/m.  In 
a  magnetic  field  of  0. 1  T,  an  electron  subject  to  this  field 
will  travel  parallel  to  the  collector  channels  at  106  m/s 
with  a  gyration  radius  of  70  (im.  Profile  broadening  by  the 


space-charge  field  will  be  insignificant.  An  electric  field 
of  150kV/m  will  remove  electrons  in  under  10ns 
producing  a  maximum  longitudinal  drift  of  less  than 
1.0cm.  The  energy  spectrum  of  recoil  electrons  extends  to 
3.0  MeV  but  over  95%  will  have  energies  <500  eV.  The 
0.1T  field  will  confine  a  500  eV  electron  to  a  Larmor 
radius  of  <0.8  mm  which  is  2%  of  the  beam  radius.  For  a 
field  >0.1T  most  of  the  electrons  will  be  collected  on  the 
anodes  over  which  they  are  formed.  Three  permanent 
magnet  dipoles  will  be  used  to  provide  electron 
confinement  without  perturbing  the  beam  orbit. 

The  120  n  mm-mrad  full-beam  (5o)  emittance  (2  MW) 
gives  a  beam  diameter  at  p=10m  of  35mm.  The 
transverse  profile  is  approximately  rectangular  due  to  the 
smoke-ring  distribution  in  phase  space.  Collimators  in  the 
Ring  restrict  the  5o  emittance  to  180  7t  mm-mrad  and  a 
maximum  diameter  of  84mm.  The  collector  board  will 
have  64  anodes  1 .4mm  wide  and  74mm  long,  covering  a 
width  of  90mm.  The  full  beam  will  produce  signals  in  50 
channels.  At  5x1  O'9  Torr,  2xl014  protons  will  produce 
3.7xl04  electrons  (about  740  per  channel).  An  MCP 
operated  at  a  gain  of  104  will  deliver  a  current  of  2  pA  to 
each  channel,  but  to  improve  statistics  in  the  tails  the 
signals  must  be  integrated  over  a  number  of  turns.  For 
beam  studies  early  in  the  cycle  the  pressure  will  be  raised 
locally  and  integration  over  more  revolutions  will  be 
required. 
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DIGITAL  RECEIVERS  OFFER  NEW  SOLUTIONS  FOR  BEAM 

INSTRUMENTATION 


R.  Ursic,  Instrumentation  Technologies,  Srebmicev  Trg  4a,  5250  Solkan,  Slovenia 

R.  De  Monte,  Sincrotrone  Trieste 


Abstract 

Digital  receivers  revolutionize  today's  telecommunication 
industry.  In  this  article  we  examine  the  features,  the 
applications  and  the  opportunities  of  this  new  and 
promising  technology  from  the  beam  instrumentation 
point  of  view. 

1  INTRODUCTION 

Since  the  invention  of  the  superheterodyne  receiver,  radio 
architecture  has  remained  remarkably  unchanged.  While  it 
is  true  that  development  has  not  stood  still  -  increasing 
integration,  ever  more  sophisticated  devices,  and  the  use  of 
digital  circuitry  to  implement  baseband  functions  are  just 
some  examples  of  technological  advancements  -  it  is  also 
true,  that  none  of  these  developments  can  be  said  to  have 
revolutionized  the  original  concept.  It  seems  however,  that 
such  a  revolution  may  already  be  in  progress,  in  the  guise 
of  the  so-called  digital  receivers  or  software  radio.  The 
purpose  of  a  digital  receiver  is  similar  to  that  of  his 
analog  counterpart:  to  downconvert,  filter  and  recover  any 
analog  signal,  such  as  those  signals  with  amplitude, 
frequency  or  any  other  kind  of  modulation.  Its  main 
advantage  lies  in  its  programmability  which  means  that 
new  functions,  features  and  upgrades  to  the  system  do  not 
necessitate  hardware  re-design,  but  rather  the  writing  and 
loading  of  software  code. 

There  are  clearly  many  advantages  of  using  digital 
receivers  in  telecommunications.  The  economy  of  scale  of 
such  a  huge  market  and  the  unrelenting  search  for  the  holy 
grail  of  all  things  cheaper,  faster  and  more  versatile,  make 
digital  receivers  also  an  attractive  option  for  particle 
accelerator  beam  instrumentation. 


3  TECHNOLOGY  DRIVERS 

3.1  Analog  to  Digital  Converter 

Some  of  the  key  parameters  in  the  specification  of  an 
analog-to-digital  converter  (ADC)  for  intermediate 
frequency  (IF)  digitization  are:  sampling  rate,  bandwidth, 
signal-to-noise  ratio,  and  dynamic  range.  Much  research 
and  development  is  being  carried  out  on  faster  ADCs,  with 
wider  bandwidths  and  larger  dynamic  ranges.  Companies 
such  as  Harris  Semiconductor  and  Analog  Devices  are 
producing  the  current  state-of-the-art  devices.  An  example 
of  a  low  cost  state  of  the  art  ADC  for  digital  receiver 
applications  is  the  AD9042  from  Analog  Devices.  It  is  a 
12  bit  ADC,  has  41  MHz  maximum  sampling  rate  and 
100  MHz  analog  bandwidth. 

3.2  Digital  Signal  Processing 

With  the  wideband  IF  signal  successfully  digitized,  at  a 
reasonable  sample  rate,  the  next  stage  is  the  processing.  It 
would  be  convenient  at  this  point  to  simply  transfer  the 
digital  data  to  one  or  more  digital  signal  processor  (DSP) 
chips,  and  implement  all  remaining  fiinctions  in  software. 
However,  even  a  cursory  look  at  the  processing  demands 
of  digital  receivers  makes  it  apparent  that  this  operation  is 
not  straightforward.  The  total  processing  requirements  in 
such  a  receiver  may  add  up  to  more  than  10  GFLOPS 
(giga  floating  point  operations  per  second).  Clearly,  to 
implement  all  the  radio  functions  using  DSP  alone  would 
require  an  impractical  number  of  chips.  The  answer?  A 
hybrid  approach  incorporating  specialized  digital  hardware, 
a  digital  downconverter  (DDC),  which  performs  specific 
tasks  (downconversion,  filtering,  sample-rate  reduction, 
demodulation,  amplification)  to  reduce  considerably  the 
load  supported  by  the  DSP. 


2  THE  DIGITAL  RECEIVER  CONCEPT 


Figure  1 :  Block  diagram  of  the  analog  (top)  and  the  digital 
receiver  (bottom)  counterparts. 


IF  INPUT 
SAMPLING 
CLOCK 


Figure  2:  Functional  block  diagram  of  a  DDC  integrated 
circuit. 

Companies  such  as  Analog  Devices,  Graychip  and  Harris 
have  developed  a  number  of  DDCs.  Devices  such  as  these 
are  essential  components  of  current  digital  receivers,  and 
will  be  until  DSP  chips  are  developed  that  possess  the 
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necessary  horsepower  to  handle  far  higher  bit  rates  than 
present  technology  allows. 

3.3  RF  Front  End 

The  focus  so  far  in  this  article  has  been  on  the  digital  (and 
analog/digital  interface)  hardware  necessary  for  digital 
receiver  implementation.  However,  such  a  receiver  design 
also  has  implications  for  the  RF  front  end  circuitry, 
depending  on  the  particular  approach  taken,  and  also 
depending  on  the  particular  application.  In  the  RF  front 
end,  special  filters,  gain  control  schemes  and  very  linear 
amplifiers  (to  provide  a  large  dynamic  range)  may  be 
required. 

4.  FEATURES  AND  PERFROMACE  OF 
DIGITAL  RECEIVERS 

In  this  paragraph  we  examine  some  of  the  features  and 
performance  of  digital  receivers  that  are  of  particular 
interest  to  beam  instrumentation. 

4.1  Linearity 

Linearity  of  a  conventional  analog  receiver  is  defined  by 
the  most  nonlinear  element  in  the  processing  chain,  which 
is  usually  the  analog  demodulator.  Digital  receiver  on  the 
other  hand  implements  digital  demodulation,  which  shifts 
the  source  of  non-linearity  either  to  the  RF  front  end  or 
the  ADC.  With  a  careful  RF  front  end  design  we  can 
minimize  non-linearity  effects  by  driving  all  the  active 
components  well  below  the  1  dB  compression  point.  As 
an  example  we  can  examine  linearity  characteristics  of  the 
AD9042  ADC: 

Differential  non-linearity  ±0.3  LSB  or  ±7.3  10'5FS 
Integral  non-linearity  ±0.75  LSB  or  ±1.8  10'4FS 
A  possibility  to  implement  a  simplified  gain  control 
scheme  is  just  one  of  the  possibilities  offered  by  the 
excellent  linearity  of  ADCs;  one  can  easily  imagine 
having  a  fixed  gain  RF  front  end  for  a  system  with  a  40 
dB  dynamic  range. 

4.2  Temperature  Stability 

The  AD9042  also  offers  excellent  temperature  stability. 
Its  gain  drift  is  guaranteed  to  -50  ppm/°C.  To  verify  this 
parameter  we  have  setup  a  measurement,  where  we  applied 
two  signals  of  approximately  same  amplitude  to  two 
AD9042  converters.  The  two  ADCs  resided  on  a  single 
VME  board,  one  on  the  top  and  the  other  on  the  bottom. 
The  measurements  were  take  over  a  period  of  16  hours, 
the  ambient  temperature  changed  for  5  °C  and  the 
temperature  of  the  two  converters  tracked  each  other 
within  app.  1  °C. 


Figure  3:  Deviation  of  the  ratio  between  the  readings  from 
two  AD9042  ADCs.  Va  and  Vb  are  readings  from  the  two 
ADCs  respectively. 

4.3  Processing  Gain 

Processing  gain  is  the  improvement  in  the  signal-to-noise 
ratio  gained  through  the  oversampling  and  digital  filtering. 
It  is  the  ratio  of  the  passband  to  the  Nyquist  bandwidth 
expressed  in  dB.  An  important  consequence  of  the 
processing  gain  is  the  effective  increase  in  resolution.  For 
example,  if  an  IF  signal  is  being  sampled  and  digitized  at 
40  MHz  (Nyquist  bandwidth  =  20  MHz)  and  we  set  the 
digital  filter  to  20  kHz  the  processing  gain  would  be  -10  x 
log(0.02  MHz/20  MHz)  or  30  dB.  In  other  word  we  gain  5 
bits  of  resolution. 
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Figure  4:  Processing  gain  shows  up  as  decrease  in 
measurement  fluctuation.  The  graph  shows  measured  (o) 
and  predicted  (+)  measurement  fluctuation  for  different 
bandwidth  settings.  The  measurements  were  done  with 
AD9042  ADC  and  GC1011  DDC  from  Graychip.  The 
GC1011A  is  an  all  digital  downconverter  which  can 
extract  narrow  band  signals  from  wide  band  digitized 
sources. 

4.4  Undersampling 

Undersampling  is  a  very  attractive  technique  that  has  two 
important  advantages.  First,  it  drastically  reduces  the 
sample  rate  requirements.  Second,  it  downconverts 
(aliases)  a  bandlimited  IF  signal  close  to  the  baseband. 
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The  theory  underlying  the  undersampling  technique  is  that 
the  Nyquist's  theorem  is  met  with  respect  to  bandwidth, 
rather  than  the  absolute  frequency  of  a  bandlimited  IF 
signal.  In  other  words  sampling  must  occur  at  a  rate  of 
twice  the  bandwidth  of  the  desired  signal,  resulting  in  the 
band  of  interest  being  aliased  down  to  a  frequency  band 
close  to  dc.  The  result  of  the  AD9042  undersampling 

performance  test  is  shown  in  figure  5. 
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Figure  5:  We  cascaded  an  AD9042  ADC  and  a  GC1011 
DDC  tuned  to  1  MHz.  Sampling  frequency  =  10  MHz. 
The  graph  above  shows  amplitude  of  the  output  signal  for 
different  input  IF  frequencies  (1  MHz,  11  MHz,  21  MHz, 
up  to  101  MHz)  aliased  to  1  MHz. 

4.5  Multicarrier  Receiver 

High  sampling  frequencies  delivered  by  today's  state  of  the 
art  ADCs  allow  a  wide  spectral  input  signal  to  be 
transferred  to  the  DDC.  This  wide-band  approach  also 
offers  a  multi-channel  advantage  over  a  standard 
narrowband  approach.  The  main  advantage  is  that  the  RF 
front  end  does  not  need  to  be  reduplicated  in  case  we  want 
to  recover  multiple  carriers.  We  need  only  one  DDC  per 
channel  or,  in  case  the  real  time  response  is  not  required, 
we  can  use  time  multiplexing  of  a  single  DDC  to  recover 
multiple  carriers. 

5  SOME  IMPLEMENTATION 
EXAMPLES  AND  OPPORTUNITIES 

The  new  BPM  system  under  development  at  the  Paul 
Scherrer  Institute  for  the  Swiss  Light  Source  implements 
digital  receivers  to  measure  the  amplitude  of  individual 
pick-up  button  signals  [1],  The  digital  receiver  is  built 
around  Harris  HSP50214  DDC  integrated  circuit 
interfacing  to  Analog  Devices  SHARC  DSP.  Set  to  low- 
bandwidth  (10  kHz),  the  system  offers  high  stability, 
accuracy  and  resolution.  Set  to  wide-bandwidth  (600  kHz), 
the  system  supports  tum-by-tum  and  tune  measurements. 

An  other  opportunity  for  digital  receiver  technology  are 
lock-in  amplifiers.  They  are  used  to  detect  and  measure 
very  small  AC  signals  up  to  approximately  100  kHz. 
They  use  a  technique  known  as  phase-sensitive  detection 
to  single  out  the  component  of  the  signal  at  a  specific 
reference  frequency  and  phase.  Digital  lock-in  amplifiers, 


which  internal  architecture  resembles  that  of  a  digital 
receiver,  have  been  successfully  used  for  beam  diagnostics 
in  the  past  [2],  [3].  Digital  receivers  based  on  fast  ADCs 
and  DDC  integrated  circuits  look  as  a  promising 
technology  for  building  new  generation  lock-in  amplifiers 
with  wide  frequency  range  spanning  couple  of  tens  of 
MHz. 

The  technique  of  controlling  the  in-phase  (I)  and  the 
quadrature  (Q)  components  is  gaining  in  popularity  with 
respect  to  standard  amplitude  (A)  and  phase  (F)  control 
loop  approach  in  the  field  of  low  level  RF  control. 
Stability,  excellent  phase  detection  performance  and 
programmability  make  digital  receiver  a  promising 
technology  for  this  application  too. 

6.  CONCLUSION 

Digital  receivers  are  an  exciting  new  technology  that 
paves  the  ground  for  the  development  of  new  and 
innovative  low-cost  and  high-performance  beam 
instrumentation  systems.  The  digital  receiver  building 
blocks  are  primarily  designed  for  and  used  in  the 
telecommunication  industry.  However,  the  few  features 
and  tests  presented  in  this  paper  demonstrate  that  such 
components  offer  excellent  building  blocks  for  beam 
instrumentation  devices.  An  other  advantage  that  we  can 
capitalize  on  is  the  economy  of  scale  in  the 
telecommunication  industry  that  continuously  pushes  the 
prices  down. 
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Abstract 

The  superconducting  synchrotron  Nuclotron  [1]  was  put 
into  operation  in  March  1993  at  the  Laboratory  of  High 
Energies,  JINR  in  Dubna.  The  Nuclotron  Control  System 
(NCS)  [2]  provided  an  efficient  support  for  the  machine 
operation  during  all  runs.  The  dedicated  NCS  subsystem 
for  beam  diagnostics  in  the  injection  transfer  line  and  the 
Nuclotron  ring  is  described. 

1  INTRODUCTION 

The  Nuclotron  is  intended  to  accelerate  nuclei  and 
multicharged  ions  up  to  an  energy  of  6  GeV/u  for  the 
charge-to-mass  ratio  q/A=0.5.  There  are  96  dipole, 
64  quadrupole,  32  correcting  multipole  SC-magnets  in 
the  Nuclotron  magnetic  ring  with  a  circumference  of 
251.1m.  The  maximum  value  of  the  magnetic  field  is 
about  2T. 


Figure  1 :  Fragment  of  the  NCS  structure. 

The  NCS  consists  of  two  physical  levels:  an  Operator 
Control  Level  and  a  Front  End  Level.  The  first  one 
supplies  all  appropriate  man-machine  tools  for  operators 
to  run  the  accelerator.  High  performance  workstations 
and  server  computers  are  used  at  this  level. 
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The  workstations  act  as  operator  consoles,  while  the 
servers  provide  a  communication  process,  data  storage, 
printing  utilities,  a  common  database,  alarm  service,  a 
program  library,  and  data  exchange  between  the 
Nuclotron  and  the  users.  The  Front  End  Level  comprises 
both  industrial  PCs  and  intelligent  CAMAC  crate- 
controllers  with  embedded  micro-PCs.  The  NCS  is  a 
distributed  system.  Its  subsystems  are  geographically 
separated  by  as  much  as  500  m.  The  common  backbone 
of  the  system  is  an  Ethernet  Local  Area  Network. 

The  beam  diagnostics  subsystem  integrated  into  the 
NCS  (Fig.  1)  has  been  operating  successfully  since  the 
beginning  of  the  Nuclotron  commissioning.  The 
subsystem  is  based  on  the  industrial  rack-mountable  PCs 
from  ADVANTECH  equipped  with  I/O  and 
communication  boards. 

2  INJECTED  BEAM  TRANSFER  LINE 

The  injector  (Alvaretz  type  linac)  accelerates  ions  with  a 
charge-to-mass  ratio  of  0.28<q/A<0.5  up  to  5  MeV/u  and 
protons  up  to  20  MeV/u.  The  injected  beam  transfer  line 
30  m  long  includes  2  bending  magnets,  12  quadrupole 
lenses,  and  12  correctors.  The  equipment  of  single-turn 
injection  comprises  a  superconducting  septum  magnet 
and  kick  electric  plates.  The  injected  beam  pulse  duration 
(q/A  =0.5)  is  8ps. 

Several  types  of  detectors  are  used  for  beam 
diagnostics:  2  Faraday  cups,  1  multi-wire  beam  current 
monitor,  2  multi-wire  profilometers,  2  destructive 
fluorescent  screen  monitors,  and  1  screen  monitor  of 
95%  transparency.  These  instruments  make  beam 
parameter  measurements  available  over  a  wide  range  of 
intensities. 

The  Faraday  cups  of  106  charge/pulse  sensitivity  are 
used  for  beam  intensity  measurements.  The  IN/OUT 
movements  are  remote-controlled  by  means  of  DC  motor 
actuators. 

The  beam  profile  monitor  consists  of  X-  and  Y-wire 
planes.  Each  plane  assembled  on  a  movable  frame  has  32 
golden  tungsten  wires  0.1  mm  in  diameter  separated  by 
2  mm.  The  charge-to- voltage  converters  (CV1...CV32, 
see  Fig.  2)  with  adjustable  sensitivity,  sample-and-hold 
amplifiers  (S/H1...S/H32)  and  a  multiplexer  (MPX)  are 
placed  close  by  the  detector.  A  timer/synchronizer  (T/S), 
a  40  kHz  buffered  ADC  of  a  10-bit  resolution  and  a 
multiplying  scaling  DAC  (MDAC)  are  arranged  in  the 
processing  center  at  a  distance  of  50  m.  The  external 
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trigger  is  provided  with  the  machine  timing  system,  and 
it  is  the  same  pulse  which  is  driving  the  injection 
elements.  The  sensitivity  of  the  profilometer  is  about  108 
charges/pulse. 

The  monitor  used  to  measure  the  shape  and  duration  of 
the  injected  beam  pulse  has  one  plane  with  32  golden 
tungsten  wires  0.05  mm  in  diameter  separated  by  2  mm 
and  connected  in  parallel.  A  fast  50  MHz  buffered  ADC 
of  a  8-bit  resolution  is  used  for  beam  pulse  signal 
digitizing.  The  measured  data  together  with  the 
parameters  of  the  septum  magnet  and  kick  electric  plates 
(Fig.  4)  are  presented  to  the  operator  to  tune  the 
injection. 


Figure  2:  Profilometer  block  diagram. 

The  screen  monitor  of  95%  transparency  (wire  greed 
assembly)  is  made  of  horizontal  and  vertical  tungsten 
wires  0.1  mm  in  diameter  separated  by  5  mm  with 
luminophor  beads  in  the  grid  junctions.  The  observation 
station  is  equipped  with  an  image  amplifier  and  a 
photomultiplier  to  register  a  low  intensity  beam  current, 
the  profile  and  shape  of  the  beam  pulse. 


3  NUCLOTRON  RING 

2.1  General 

The  Nuclotron  ring  diagnostics  equipment  is  composed 
of  5  multi-wire  profilometers,  20  electrostatic  position 
pick-ups,  1  electrostatic  intensity  pick-up,  2  beam  current 
transformers,  4  screen  monitors,  and  4  Faraday  cups. 

The  ring  profilometers  have  the  same  construction  and 
parameters  as  described  above.  Two  of  the  five 
profilometers  are  placed  at  the  entrance  and  exit  of  the 
inflector  magnet.  The  profilometers  located  at  the  end  of 
the  transfer  line,  at  the  inflector  magnet  entrance,  and  in 
the  accelerator  ring  straight  section  permit  one  to 
measure  the  injected  beam  emittance  and  to  adjust  more 
exactly  injected  beam  matching  to  the  ring  lattice. 

The  localization  of  beam  losses  around  the  accelerator 
ring  facilitates  machine  tuning.  Therefore,  mounting 
beam  loss  monitors  and  developing  data  acquisition 
electronics  are  planned. 

2.2  Intensity  Monitors 

The  intensity  and  shape  of  the  bunches  (Fig.  4)  are 
measured  with  a  special-purpose  electrostatic  pick-up. 
The  corresponding  amplifier  has  a  bandwidth  of  30  MHz 
and  a  controllable  gain  within  a  range  of  60  dB.  The  base 
line  restorer  insures  the  specified  output  level  between 
bunch  signals.  This  device  covers  a  beam  intensity  from 
109  to  1012  charges  per  pulse.  The  average  beam  intensity 
signal  is  digitized  with  a  12-bit  ADC  after  analog 
processing. 


Figure  3:  Beam  image  with  X-  and  Y-  profiles. 

The  image  processing  technique  based  on  fluorescent 
screens,  CCD  cameras,  and  frame-grabbers  ensures  the 
following  possibilities:  screen  selection  and  setting  inside 
the  beam,  video  tuning,  background  subtraction,  pseudo¬ 
colour  for  displays,  the  ability  to  save  and  restore  specific 
images,  snapshot  and  live  mode  selection  (Fig.  3). 


&|0»3ixv  ffcLqp  i&ifoS  IS 2.U90& 

,b 


■ 

ffc. 

nr 

i 

|  j  |  |  j' 

J 

*5 

IP, 

1  f,  * 

j  j 

i 

iii: 

• . •* 

I ! 

!  i 

|  (| 

{  u  ■  1 
[  jg J j  [j  I 

1 

1  [  J 

j:  j 

111 

1 

&  m  m  w  ip  "m  m  '  m  m 

ImH  m-t  Wvttout*  mt  Vktm  Mp  5*5 

1m*  txm*M  if 4  -MS  Uf  (VI ; 


Figure  4:  Example  of  the  bunch  intensity  and  shape 
measurement  during  first  turns  (RF  off). 

Additional  opportunities  for  beam  diagnostics  are 
maintained  by  beam  current  transformers.  To  observe  the 
longitudinal  profile  of  the  bunched  beam,  a  fast  current 
transformer  (a  frequency  band  of  50  kHz...  10  MHz)  is 
used.  The  transformer  toroid  core  is  made  of  thin  (0.02 
mm)  high  permeability  alloy  tape  with  an  amorphous 
structure.  There  are  one  sense  30-turn  winding  connected 
to  the  amplifier  and  one  1-turn  test  winding  allowing  a 
calibration  signal  to  be  fed  in.  The  measured  beam 
current  ranges  from  0.1  to  10  mA. 
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The  DC  current  transformer  is  employed  for 
circulating  beam  average  current  measurements.  It 
consists  of  2  cores  with  2  exciting  ,  1  measuring,  and  1 
calibration  windings.  The  exciting  frequency  of  the 
modulator  is  25  kHz.  A  filter  together  with  a 
demodulator  and  an  integrator  is  used  for  signal  second- 
harmonic  selection  and  its  conversion  into  a  DC  voltage. 
The  sensitivity  of  the  device  is  200  V/A,  and  the 
frequency  band  is  0...60  kHz. 

2.3  Beam  Position  Monitors 

20  BPM  electrostatic  pick-ups  in  the  form  of  diagonally 
cut  66(H)xl32(W)xl  10(L)  mm  boxes  are  arranged  in  the 
Nuclotron  ring  for  non-destructive  measurements  of  the 
beam  position  along  the  machine.  The  BPM  front  end 
amplifiers  are  placed  close  by  the  pick-ups  but  outside 
the  vacuum  chamber  and  have  a  room  temperature.  The 
processing  electronics  are  located  in  the  centre  of  the 
ring  so  that  the  longest  cable  segment  is  smaller  than  50 
m.  This  allows  us  to  have  a  precise  signal  matching  and 
negligible  attenuation  with  relatively  inexpensive  cable. 
The  main  purpose  of  the  BPM  hardware  and  software  is 
to  provide  accurate  information  for  the  correction  of  orbit 
errors.  Some  results  obtained  with  the  BPM  system  are 
presented  in  Fig.  5.  The  dashed  line  is  the  original  closed 
horizontal  orbit  without  correction  at  the  field  of 
injection.  The  solid  line  is  drawn  after  correction. 


The  beam  revolution  frequency  (frev)  ranges  from  125 
kHz  to  1.2  MHz.  The  accelerating  frequency  harmonic 
number  is  5.  The  timer/synchronizer  uses  a  B-train  with 
a  0.1  Gs  resolution  and  fRi:=5frev  as  an  external  clock  to 
synchronize  with  the  main  magnetic  field  and  bunch 
signal.  An  ADC1...ADC40  sample  rate  of  50  MS/s 
ensures  the  required  signal  resolution  over  the  band  up  to 
500  kHz.  A  simultaneous  sampling  of  all  the  BPM- 
stations  with  a  64  KB  record  length  permits  acquiring 
several  hundred  successive  closed  orbits.  Waveform 
digitizers  (DSO-2125  from  CyberResearch)  with  a  256 
KB  onboard  memory  and  a  time-bin  duration  of  4  ns 
allow  more  than  1000  turns  to  be  acquired  under 
combined  parallel/sequential  sampling. 
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Figure  5:  X-closed  orbit  before  and  after  correction. 


At  present,  we  are  redesigning  the  BPM  electronics 
and  post-processing  software  to  extend  functionality  and 
to  improve  processing  speed,  dynamic  range,  and 
resolution.  In  accordance  with  specification,  the  BPM 
system  has  to  function  in  a  first  turn  (turns)  mode  and  in 
a  closed  orbit  mode.  A  substantial  hardware  upgrade 
enables  one  to  acquire  beam  signals  with  turn-by-turn 
and  bunch-by-bunch  capabilities. 

The  distinguishing  features  of  the  new  BPM  system 
are  outlined  in  Fig.  6.  Each  position  monitor  electrode 
has  a  30  MHz  amplifier  with  an  adjustable  gain  of  46  dB 
for  use  with  high  and  low  intensity  beams.  A  gain  control 
loop  keeps  a  maximum  signal  level  to  improve  the 
signal-to-noise  ratio.  For  cost  reasons,  the  amplifier  has 
one  pair  (X  or  Z)  of  remotely  selected  output  signals. 


Figure  6:  Structural  model  of  BPM  hardware. 

The  analysis  of  the  acquired  data  is  a  very  powerful 
tool  to  provide  a  reliable  measurement  of  the  tunes  and 
lattice  parameters  of  the  real  machine,  such  as  beta 
values,  or  a  phase  advance  between  BPMs. 

4  CONCLUSION 

The  beam  diagnostics  subsystem  has  been  successfully 
used  in  all  Nuclotron  runs.  It  ensures  reliable  operating 
conditions  for  different  operating  modes  of  the 
accelerator.  Several  modifications  are  still  under  way  in 
order  to  improve  the  beam  diagnostics  functionality.  New 
information  provided  with  the  subsystem  will  be  a 
significant  aid  to  optimize  the  machine. 
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February  23,  2000 

DTIC 

8725  John  J  Kingman  Road 
Ste.  0944 

Ft.  Belvoir,  VA  22060-6218 
Dear  Sir, 

The  1999  Particle  Accelerator  Conference  (PAC'99)  took  place  on  March  29  - 
April  2,  1999  at  the  New  York  Marriott  Marquis.  We  had  approximately 
1,195  registrants,  76  invited  speakers  and  1,528  abstracts  covering  all  aspects 
of  accelerator  science,  technology  and  applications.  Among  the  registrants, 
approximately  2/3  were  from  the  United  States,  1/3  from  abroad  -  truly  an 
international  conference  in  its  scope  and  participation.  Concurrent  with  the 
conference,  there  were  40  industrial  firms  participating  in  the  exhibition. 

The  proceedings  of  PAC'99  were  published  and  distributed  in  November  1999. 
Total  published  papers  are  1,223  which  are  published  in  a  5  volume  set  with 
the  total  pages  numbering  3,779. 

The  total  amount  of  the  ONR  grant  of  $10,000.00  was  all  used  in  the  support 
of  the  expense  of  junior  staff,  graduate  students,  and  scientists  from  the 
developing  nations  and  former  Soviet  Union. 

As  requested  form  SF298  is  enclosed,  and  shipped  separately  is  one  set  of  the 
PAC  ‘99  proceedings. 

I  would  like  to  express  my  sincere  thanks  to  ONR  for  its  support  to  PAC'99 
which  is  a  very  effective  vehicle  for  the  development  and  communication  in 
the  accelerator  profession. 

Sincerely  yours. 


Wu-Tsung  Weng 
Chair,  PAC'99 
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